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Abstract
Tough hydrogel materials have recently attracted broad attentions and interests.
Due to their high fracture energies, they are promising candidates for a wide range of
biological and biomechanical applications. Two important categories of tough
hydrogels are Double Network hydrogel (DN) and ionic-covalent PAAm-alginate
hybrid gel (abbreviated as the “hybrid gel”). Both gel systems exhibit interesting
network structures and remarkably enhanced mechanical toughness with respect to the
conventional covalently-crosslinked hydrogels. The objective of the present PhD study
is to provide a quantitative analysis on the toughening mechanism and damage process
for DN and the hybrid hydrogels. The investigation for each of the two hydrogel
systems consisted of two sections. The first section was to study the effect of hydrogel
network topologies on the mechanical properties. Hydrogel samples were synthesized
with various chemical formulations to alter their network topologies. Tensile and
tearing tests were then performed to characterize the mechanical strength and toughness
of the resultant gels. In the second section, load/unload tests comprising a series of
stretch/retract cycles were carried out, and some widely-used fracture models and
theories were applied on the test results to determine the damage process for the tested
hydrogel samples.

Chapter 1 briefly introduces the research background, scope, objective, and
methodology, and gives a literature review on the recent progress on the tough
hydrogels. Chapter 2 investigates the influence of the 1st network topology on the
mechanical properties of DN gels. With an increase in the crosslinker or monomer
concentration to prepare the 1st network, mechanical strength and fracture energies of
the DN gels increased. Lake-Thomas theory was applied to estimate the 1st network
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toughness at relevant DN equilibrium, and a linear relation between the 1 st network and
DN toughness was found. Chapter 3 presents the load/unload tests performed on DN
gels prepared with various crosslinker or monomer concentration of the 1st network.
Gent and Wang-Hong model were fitted to the test results and a fracture process of DN
gels was determined. The model parameters of Wang-Hong model, which are related to
the probability distribution of strand fracture, were considered to describe the molecular
weight distribution of the 1st network strands. The model fit parameters were used to
calculate the strand length distribution of the DN gels prepared with various crosslinker
concentrations of the 1st network.

For the hybrid gel system, Chapter 4 elucidates the effect of tight (alginate) and
loose (PAAm) network on the mechanical properties of PAAm-alginate hybrid gels. It
was found that the hybrid gels were toughened by increasing the concentration of ionic
crosslinker or decreasing the concentration of covalent crosslinker. More interestingly,
the fracture toughness of the hybrid gel was found to be rate-dependent, and the gel also
exhibited a very rapid and substantial stress relaxation which is distinctive from the
conventional hydrogels. In Chapter 5, a three series of load/unload testes were
sequentially conducted on the virgin PAAm-alginate hybrid gel and the damaged gel
after a 1st and 2nd recovery process. The damage process of the hybrid gel was clearly
demonstrated by the Gent and Wang-Hong model fits. For the tested gel, a partial
recovery of the mechanical properties was evident between the 1st and 2nd series while
the mechanical performances became fully reversible from the 2nd to 3rd series. All the
research findings were summarized in Chapter 6 and some suggestions on the future
work were also given.
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1.1 Research Background
Since the first biological application of hydrogels was reported in 1960 by
Wichterle and Lim who prepared the crosslinked poly (hydroxyethyl methacrylate) for
soft contact lenses [1], a wide range of biological and pharmaceutical applications based
on hydrogels have been proposed or realized including scaffolds for tissue engineering,
sensors, actuators/artificial muscles, and drug delivery, owing to their resemblance to
human tissue, water-absorbing capability, and stimuli-responsiveness [2-5]. Hydrogels
are also a promising candidate for biomechanical devices where the material is required
to have ideal ability to sustain external stress. The proposed uses include replacement
materials for human tissues such as articular cartilage [6]. Unfortunately, the
applications of many conventional hydrogels are limited by their poor mechanical
properties. Enhancing the mechanical strength and toughness has thereby become a
central interest and challenge for hydrogel researchers. The toughness is described as
the capability of a material to deform and absorb mechanical energy with no fracture [7].
Since toughness is directly related to the fracture-resisting ability of a material, high
toughness can greatly reduce the possibility of fracture, extending the lifetime, and
expanding its application frontiers. Therefore, the fracture toughness is the main focus
of the present PhD study. Some other mechanical parameters such as modulus, strength,
and elongation at break are all within the research scope of this thesis as they provide
relevant information for toughness discussion.

Recently, several novel hydrogels with enhanced mechanical properties have been
reported including Double Network hydrogels (DN) [8], clay-polymer nano-composite
hydrogels [9], slide-ring hydrogels [10], and ionic-covalent PAAm-alginate hybrid
hydrogels [11]. These hydrogels exhibit significant improvement in mechanical
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properties and present special network structure. Extensive investigations have been
performed to explain the damage process and structural model for these gel systems.
However, the origin of the mechanical toughness, accounting for the reason why these
materials show superior ability to stop crack propagation, is still not fully-understood.
The objective of the present PhD study is to provide a clear and quantitative analysis on
the damage process and toughening mechanism of tough hydrogel materials. Two
important categories of tough hydrogels are the subjects of this PhD study, namely, a
DN hydrogel and an ionic-covalent hybrid hydrogel. In order to achieve the research
objective, the correlation between gel network topology and fracture toughness was
investigated first. Hydrogel samples were prepared with different chemical
compositions to adjust network topologies. Tensile and trouser-like tearing tests were
carried out to measure the mechanical strength and fracture energy of different sample
gels, respectively. The second section was to perform load/unload tests on the DN and
ionic-covalent PAAm-alginate hybrid gels. The test consisted of a series of
stretch/retract cycles with the maximum extensions sequentially increased. Some
widely-used fracture models and theories were fitted to the test results, and the model
parameters representing different physical meanings presented further demonstrations
on how the sample hydrogels were deformed and toughened.

The outcome of this PhD study is useful for understanding the mechanism to
toughen the hydrogel and other polymer composite materials, inspiring the future design
and development of new tough hydrogel systems which have great potential for
biological and biomechanical use. A literature survey is given below to review the
recent progress in tough hydrogels research, introducing the fracture toughness and
proposed toughening mechanisms for different gel systems.
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1.2 Hydrogel Applications and Tough Hydrogels
1.2.1 Hydrogel applications
The literature covering the biological, pharmaceutical and biomechanics
applications developed based on hydrogels is comprehensive. It is not the key interest
and intention for the present PhD study to give a full list of those publications. The aim
of this section is to provide a short introduction on the major areas where hydrogels
have been used or shortlisted as a potential candidate.

Hydrogels are crosslinked three-dimensional polymer networks which have
excellent water-absorbing capability. Hydrogels can be categorized based on different
criteria as shown below [12-15]
origin: natural or synthetic hydrogels
electrical charge: ionic (charged) or neutral hydrogel
crosslinkage: covalently-crosslinked or physically-crosslinked hydrogels
network structure: homopolymer network, copolymer network, interpenetrating
network, or double network hydrogels;
physical structure: amorphous, semicrystalline, hydrogen-bonded or suparmolecular
hydrogels;
stimuli response: stimulus-sensitive or insensitive hydrogels.
Porosity: homogeneous nanoporous, microporous, and macroporous hydrogels
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Hydrogels can be prepared from monomers, pre-polymers, natural polymers and
synthetic polymers [16]. If the crosslinking nature is covalent bonding, the hydrogel is
termed as chemical or permanent hydrogel which has chemical stability and
inhomogeneous structure. Physical hydrogels are formed by non-covalent bonds such as
physical entanglements, hydrogen bonding, dipole-dipole, van der waals, and ionic
interactions [12-14,17]. Because of their large water content, most hydrogels are
considered to be biocompatible. So far, a wide range of biomedical and biological
applications have been proposed for hydrogels. Some of them have been realized while
others remain conceptual designs.

1.2.1.1 Drug delivery

Hydrogels are used as drug carrier in controlled delivery systems based on a
diffusion and/or erosion mechanism. When the hydrogel storing the drug is placed into
an aqueous medium, the water permeates into the gel system and facilitates the drug to
diffuse out of the gel system into the surrounding environment [14]. So far, the reported
sites in body to which the hydrogel-based system can deliver the drug include ear cavity,
oral cavity, nasal cavity, ocular sack, lungs, stomach, colon, small intestine and so on
[18]. Hydrogels exhibiting environmental responsiveness to pH and temperature are
very popular materials for drug delivery system [19]. One example is a gel capsule that
has been utilized in releasing drugs in the stomach and intestine which are acidic and
neutral environments, respectively [20]. It is reported that different types of thermo
sensitive poly (N-isopropyl acrylamide) have been used to produce hydrogels exhibiting
an “on/off mechanism” with temperature, by expanding or squeezing themselves to
realize the controlled release of protein [19,21]. Sufficient mechanical strength is also
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crucial for the candidate materials as the drug delivery device is usually required to
maintain its integrity during its lifetime. Increasing the crosslinking density and Hbonding has been applied by researchers to obtain acceptable mechanical properties for
the hydrogels used in drug delivery [14].

1.2.1.2 Tissue engineering

Hydrogels have found applications in tissue engineering as polymer scaffolds to
regenerate new tissues or organs as the replacement of damaged and malfunctioning
ones [22,23]. One of the reported approaches is to integrate human cells into the
polymer scaffold which subsequently transports the cells to the desired sites where the
cell formation and the structure of the new tissues can be controlled [24]. The
advantages of using hydrogel materials in tissue engineering include hydrogels’ good
ability in transporting nutrients to cells and products from cells, easy modification, their
biocompatibility, and the aqueous environment to protect cells and sensitive drugs. On
the other hand, the disadvantages are difficulty to handle and sterilize, and their
mechanical weakness [17]. It has been suggested that having the appropriate mechanical
properties is a critical issue for using hydrogels in tissue engineering since many human
tissues such as bone, muscle, and blood vessels are working in a mechanically dynamic
environment [24].

1.2.1.3 Sensors

Hydrogels with stimuli-sensitivity are promising materials as sensors, showing
detectable volume or shape variations under physical or chemical changes [25-27]. For
example, a phenylboronic acid-based hydrogel has been used in the design of glucose
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sensor. The glucose molecules can induce the swelling of the hydrogel, leading to
changes in resonant frequency which can be detected remotely [28]. Another example is
a hydrogel-based biosensor which shows analyte-induced changes in osmotic swelling
pressure, the particular hydrogel used in the work was considered to be useful for
glucose detection, despite its chemical structure was not optimum for the purpose
[29,30]. A carbon dioxide detection device has been designed with pH responsive
hydrogel microspheres placed on a pressure sensor. The carbon dioxide introduced in
the system led to decrease of pH and de-swelling of hydrogel microspheres. As a result,
the decrease of pressure was detected by the sensor [31]. Some other pH sensors based
on hydrogels have been reported, and the output were frequency change in output
signals or colour change [32,33].

1.2.1.4 Artificial muscle

The capabilities of hydrogels used in artificial muscles were realized in late 1980s
[34]. The advantages of hydrogels such as polyacrylamide used as artificial muscles are
their similarity to the living tissue, biocompatibility, not biodegradable, adjustable shape
and so on [35]. On the other hand, the main disadvantages of many hydrogels are slow
response time [12] and poor mechanical properties [5] which still limit their
development in this field.

1.2.1.5 Replacement of human tissue

The use of hydrogels as replacement materials for natural human tissues such as
articular cartilage, semilunar cartilage, tendons, and ligaments has attracted extensive
attentions. Suitable candidate materials should have mechanical strength, low surface
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friction and high wear resistance [8]. Poly(vinyl alcohol) hydrogel (PVA) prepared by
repeatedly freeze-thawing cycles were considered as an interesting and promising
candidate for artificial articular cartilage in early 1990s. The biocompatibility of the
PVA hydrogel in animal joint experiments was found excellent while the wear
resistance was not sufficient but thought to be improved by increasing the molecular
weight of PVA and modifying the annealing process [6]. In following research work,
the elastic modulus, compressive modulus, and shear tangent modulus of PVA
hydrogels were measured and reported to be within the range of modulus of human
articular cartilage [36,37]. The problem to be solved for clinic application had been
identified as PVA durability and difficulty in long term fixation of PVA to tissue by
using suture [38].

As introduced above, hydrogels have a great potential for a number of applications,
but many of them require the candidate materials to possess sufficient mechanical
properties, which is the shortcoming for conventional hydrogels. One of the critical
tasks for researchers is thereby to find out the appropriate mechanism to toughen the
hydrogels. Fortunately, several novel hydrogel systems with improved mechanical
performance have been reported, including Double Network hydrogel (DN gel) [8],
clay-filled nanocomposite hydrogel (NC gel) [9], topological hydrogel (slide ring gel)
[10], and ionic-covalent PAAm-alginate hybrid hydrogel [11]. Those gels exhibit
excellent mechanical strength and toughness. The following sections present a detailed
review on the recent development in research on those tough gels.

CHAPTER ONE

9

1.2.2 Double Network hydrogels
Double Network hydrogel, commonly known as DN gel, was first introduced by
Gong et al [8]. Since the advent, the gel has attracted broad attentions due to its
excellent mechanical properties. DN gel is an interpenetrating network where the 1st
polymer is infiltrated by the 2nd network monomer that is subsequently polymerized.
Two synthesis methods including atom transfer radical polymerization [39] and the
strategy to prepare ultrathin tough DN gel [40] have been reported, while the two-step
sequential network formation technique via radical polymerization is mostly used in
literature so far to prepare the model DN system, where poly(2-acrylamido-2methylpropanesulfonic acid) (PAMPS) is the 1st network and polyacrylamide (PAAm)
is the 2nd network [41-46].

DN gels exhibit fracture strength as high as a few to several tens of mega Pascals
and show high wear resistance due to their extremely low coefficient of friction
[8,44,47-50]. But the most important aspect of the DN gel is high fracture toughness
which is in the order of 500~1000 J/m2 in contrast to the conventional single network
hydrogels (usually < 10 J/m2) [42,43,51]. In order to obtain great toughness, DN gel is
usually synthesized with a densely-crosslinked 1st network and a loosely-crosslinked 2nd
network. In the meantime, the 2nd network should be the major component of the overall
DN system [8], [52]. The high toughness of the DN gel is derived from the complex
network topology and inter-polymer association instead of a simple addition of the
fracture energy of both component single network hydrogels. Therefore, studies into the
structural model and damage process have become the top priority in this area.
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The formation of both the 1st and 2nd network is most commonly via free-radical
polymerization which normally creates a large degree of spatial heterogeneity [53-62].
The network heterogeneity in the 1st network of the DN system has been evidenced by
the dynamic light scattering (DLS) study [41] and suggested as one of the most
important factors for the toughness enhancement [41-44]. Brown [63] and Tanaka [64]
have independently proposed a similar phenomenological fracture model, interpreting
the large toughness of DN system as a result of synergic effect between two networks.
In DN system, the highly-crosslinked 1st network leads to a large number of short
polymer strands which are stretched by swelling in the 2nd network solution.
Consequently, when the external stress is applied on the DN gel, these short strands
bear the load and fracture first, which forms multiple damage zones. The damages in the
1st network are stabilized by long and flexible 2nd network strands that prevent the crack
propagation. The high toughness of the DN gel originates in the energy dissipated from
chain scission of the 1st network. The presence of the 2nd network allows the
accumulation of the considerable damage in the 1st network even far from the crack tip.
Therefore, the toughness of the DN gel is closely-correlated to the toughness of the 1st
network. The consideration of Brown’s model is based on Lake-Thomas theory [65]. In
the theory, although only one covalent bond is cut as each network strand fails, the
consumed energy is the sum of the dissociation energy of all the carbon-carbon bonds
composing the strand. The larger damage zone in DN gels results in a higher areal
density of carbon-carbon bonds whose energy are consumed during the crack
propagation, and therefore, increasing the DN toughness. The detailed discussion on
this point can be seen in Chapter 2.
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Brown’s model is experimentally supported by cyclic load/unload test performed
on one tough DN gel. As shown in Figure 1.1 and 1.2, large hysteresis was seen
between the loading and unloading curve, and no further hysteresis was made if the
same strain was re-applied on the damaged gel [66]. As the viscoelasticity has been
reported to be a negligible factor for DN toughness [42], the only possible mechanism
explaining the observations is energy loss from chain scission. Gent’s model [67] for
rubbers has been applied to a series of load/unload cycles with increased maximum
extension ratio (λmax) and the fitted model parameters suggest the successive breakage
of shortest strands in the DN network and progressive increase in the contour length of
remaining network strands for subsequent load-bearing [66]. The bond fracture is
directly related to the 1st network so the research findings reinforce the concept that the
toughness of the DN gel is the result of energy absorption in cutting of 1st network
strands.

CHAPTER ONE

12

Figure 1.1 Stress-stretch curves as a function of maximum extension ratio (λmax) for the
first cycle of a series of tensile tests [66]. The legend lists the λmax in each cycle.

Figure 1.2 Stress-stretch curves as a function of first-cycle maximum extension ratio for
the second cycle of a series of tensile test [66].
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However, the load/unload test above was only carried out at small strain where the
tested gels exhibited homogeneous deformation. Under uniaxial elongation, when the
large strain is applied on some DN gels with a fragile 1st network, yielding occurs and
necking phenomenon is seen [68,69]. These behaviour can be used to further explain the
toughening mechanism of DN system. The necked phase appears to be a narrower
region compared to the un-necked phase, and further stretching will enable the necked
phase to grow in the expense of un-necked zones until strain hardening. The stressstrain curve for the DN gel with a yielding type shape is shown in Figure 1.3. After
reaching a plateau, the stress decreases slightly, indicating the outset of necking, then
maintains nearly at a constant value during the necking progress, and finally the necked
gel is fully stretched undergoing strain hardening [68,70].
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Figure 1.3 Loading curve of PAMPS/PAAm DN gel under uniaxial elongation at an
elongation strain rate of 0.13 s-1, and pictures demonstrating the necking process. The
insert letters represent the correspondence between the pictures and the arrowed data
points [70].

A relatively rough explanation for necking (see Figure 1.4) is that when a critical
stress is reached, the 1st network is fragmented into stiff clusters (still intact 1st network
fragments) which are connected by the compliant 2nd network strands. These 1st network
stiff clusters will be fractured into smaller fragments if further stretching is applied. The
whole process is thought to be an effective gel toughening mechanism where a great
amount of energy is dissipated with progressive internal fracture of the 1st network. The
flexible and elastic 2nd network behaves as a matrix, providing stabilization to the
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considerable damaged zones of the 1st network and therefore keeping the overall DN gel
continuous [68-70].

The internal fracture and yield process of the 1st network was recently investigated
by Gong’s group in great detail [71-73]. It is suggested that the 1st network (PAMPS in
PAMPS/PAAm DN gel) is composed of microgels connected by elastically active
chains which only account for a small fraction of total 1st network strands but make
decisive contribution to the elastic modulus of the DN system. The elastically active
chains are fractured preferentially at pre-yielding stage, leading to fragmentations of the
1st network and great reduction in elastic modulus of the DN gel. In the following
yielding and hardening stage, the microgel-forming chains, which comprise a great
fraction of the 1st network strands, will break successively, continuing energy
dissipation.
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Figure 1.4 Illustration of the network structure of the DN gel before (a) and after (b)
necking. Above a critical stress, PAMPS fractured to clusters and the PAMPS clusters
behave as a sliding cross-linker of PAAm. The DN gel becomes soft after the necking
[70].

A more quantitative analysis [74] on the damage process of DN gels has been
achieved by Wang and Hong. The proposed fracture model takes network strand length
distribution into account to describe the irreversible strand scission of the 1st network as
a function of historic deformation maximum (λmax). The model provides an effective
strategy to estimate both loading and unloading stress, depending on whether or not the
DN gel is deformed above the λmax. The W-H model has been well applied to calculate
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the molecular weight distribution of the 1st network in DN gels in the present PhD study.
The detailed report can be seen in Chapter 3.

Apart from the discussion above, some other literature by Gong’s group have also
reported novel hydrogels using double network concept. Nakayama et al.[75] reported a
DN gel with bacterial cellulose (BC) as the 1st network and gelatin as the 2nd network.
BC consists of alternative dense (cellulose-rich) and sparse (cellulose-poor) layers.
During the gelation, the sparse layers are filled with gelatin so that the obtained gels
show a more homogeneous structure and mechanical anisotropy between the direction
parallel and perpendicular to the cellulose fiber layers. Yang and co-workers [76] have
prepared similar anisotropic DN gels using poly(2,2’-disulfonyl-4,4’-benzidine
terephthalamide) (PBDT) and polyacrylamide (PAAm). The semi rigid polymer chains
of PBDT are self-assembled into uniaxially orientated PAAm structure using a
published technique [77]. The resultant DN gels are mechanically-anisotropic with
tensile stress along the PBDT’s orientation almost two times higher than that
perpendicular to the PBDT’s orientation.

1.2.3 Conventional interpenetrating network hydrogels
DN gel is an interpenetrating polymer network (IPN) that shows superior fracture
toughness to the conventional IPN hydrogel. The details on the preparation and
applications of various IPN hydrogels have been given in a recently-published review
[78]. This section aims to give a discussion on how IPN structures have been used to
enhance the mechanical properties.
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The IPN polymer is defined as the intimate assembly of two polymer network, one
of which is usually formed or crosslinked in the presence of the other [79-82]. It was
first introduced in 1960s when two series of crosslinked polymers consisting of two and
three IPN structures from styrene and divinylbenzene were synthesized [83]. Semi-IPN
differs from full IPN in that the former is usually composed of one linear un-crosslinked
polymer and one crosslinked polymer network, while the latter one is made of two
crosslinked networks. The aim of synthesizing IPN and semi-IPN hydrogels is to create
cooperative and synergic combination of particular properties possessed by their
component polymers or to modify some properties shortcomings of their components
[79,80,84,85].

Several attempts have been made to improve the mechanical properties of single
hydrogel network by using IPN structure. The PDADMAC/KC IPN hydrogel has been
prepared using diallyldimethylammonium chloride (DADMC) as the synthetic network
monomer and kappa carrageenan (KC) as a neutral polymer. It has been found that
increasing the KC weight content leads to an increase in the compressive strength of the
IPN gel. But the improvement is not significant between the IPN and its PDADMAC
gel component [80]. Moderate increase in the tensile strength has been discovered for
poly(N-isopropyl acrylamide)/polyacrylamide (PNIPA/PAAm) semi-IPN hydrogel [85]
and poly (2-hydroxyethylmethacrylate)/gelatine (PHEMA/gelatine) IPN hydrogel [86]
compared with their single network gel components. Similar observations have been
made by Kim et al [87]. Another IPN hydrogel system using polyacrylamide (PAAm)
and poly (vinyl alcohol) (PVA) has been prepared by Wu et al. It is shown that the
content of PVA as the reinforcing agent should be increased if obtaining higher tensile
strength of the resultant IPN is the goal [88].
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Although the IPN structure is able to enhance the mechanical properties for its
polymer components to some degrees, the conventional IPN or semi-IPN hydrogels
reviewed here are unable to improve the mechanical properties as remarkably as DN
gels. This is the most significant difference between conventional IPN hydrogels and
novel DN gels. From the structural points of view, the DN hydrogel has interpenetrating
structure with the combination of two crosslinked polymer networks. However, in the
DN system, the molar ratio of the 2nd component to the 1st component is very large. This
is in strong contrast to conventional IPN or semi-IPN which is usually prepared by two
polymers with equal molar concentration[8] [89]. Figure 1.5 clearly demonstrates that
for obtaining excellent mechanical properties, the main component of DN gels should
be the 2nd network.

Figure 1.5 The molar ratio of the second network to the first network in DN gels. For
obtaining the gels with high mechanical strength, the ratio should be in the range of a
few to several tens [8].
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As introduced in the previous section, the presence of the 2nd network allows the
accumulation of 1st network damage without catastrophic failure of the DN gel. Thus,
the 2nd network is very important to hinder the crack propagation, and it should be the
major component of DN system to provide sufficient stabilization of microscopic
damage. This feature may be one of the major reasons why novel DN gels are different
from conventional IPN in terms of mechanical properties.

1.2.4 Nanocomposite hydrogels
Nanocomposite hydrogels (NC gel) are a whole family of crosslinked polymer
hydrogels, where the network structure is formed in the presence of nanoparticles or
nanostructures. In order to obtain new properties into the polymer gels, a wide range of
nanoparticles can be used in NC gels’ preparation such as silicate, metal, and magnetic
particles [90,91]. The present review focuses on one particular type of NC gel which has
unique clay/polymer network structure and shows high toughness.

Haraguchi et al. first reported a novel NC gel prepared by Poly (N-isopropyl acryl
amide) (PNIPA) and nano clay particles. Clay platelets act as inorganic crosslinks,
anchoring PNIPA polymer chains on their surfaces. Then the neighboring clay platelets
are connected by PNIPA chains, forming an entire gel network. The resultant gels
exhibit improved tensile modulus, strength, large elongation at break (~1000%) and
capability to withstand various types of large deformations as shown in Figure 1.6
[9,92,93]. This novel gel is thought to be able to compensate for many disadvantages of
conventional chemically-crosslinked hydrogels (OR

gels) such

as structural

inhomogeneity[53,94], mechanical weakness[53,94,95], and poor sensitivity to external
stimuli [96].
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Figure 1.6 All NC gels exhibit extraordinary mechanical toughness. NC5 (clay content
was 0.05 mol/L) gel can withstand high levels of deformations such as a) elongation and
b) torsion. c) and d) show a knotted NC5 gel [97].

The mechanical properties of the NC gel are due to its network homogeneity. The
narrow distribution of strand length between crosslinking points and larger intercrosslinking distance effectively prevent the localization of external stress on the shorter
polymer chains, which is usually the major cause for the mechanical weakness for many
conventional covalently-crosslinked hydrogels. The large elongation at break is
attributed to long and flexible polymer chains attached on clay platelets. On the other
hand, conventional chemical hydrogels have inhomogeneous structure. The localization
of external stress on many short polymer chains makes them fracture easily [9,92,93].
The compositional effects on the mechanical properties of the NC gel have been
investigated. More evidences for the homogenous structure of NC gels are provided
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including: 1) all prepared NC gels show optical transparency regardless of the increase
in clay content while the OR gels show a decrease in transparency as a result of
increasing the crosslinking density [98]; 2) Regardless to the clay content, the glass
transition temperature of PNIPA chains incorporated in NC gels is consistent to that of
linear PNIPA chains, indicating the chain flexibility of PNIPA-clay NC gels [98]; 3) in
NC gels, crosslinking density can be increased by either increasing the clay content or
polymer content. An increased crosslinking density could lead to enhancements in
tensile strength, modulus, and elongation at break [97,99]. This is distinctive from OR
gels where increasing the crosslinking density increases the network inhomogeneity. As
a result, mechanical properties deteriorate. The proposed structural model for both NC
and OR gels is illustrated in Figure 1.7.
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Figure 1.7 Network structure model for NC gels: A) schematic representation of a 100
nm cube of an NC3 (clay content: 0.03mol/L) gel with uniformly dispersed exfoliated
clay platelets and two major types of polymer chains: χ and g representing the polymer
chains connecting two neighboring clay platelets and the polymer chains grafted onto
only one clay platelet respectively; B) elongation model of NC gels; and C) structure
model for conventional OR gel network. The chemical crosslinking points result in
large degree of heterogeneity of polymer networks, causing broad distribution of
polymer chain length between crosslinking points, thus the localization of external
stress on the shorter chains leads to the fracture of conventional OR gels very easily [9].
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In addition to the network homogeneity, the role of crosslinker (clay) in the NC gel
is also different from that of the crosslinker in a conventional chemical hydrogel [100].
Long and flexible PNIPA chains are anchored to the clay platelets which play a role as
‘plane crosslinking’ rather than ‘point crosslinking’ in OR gels. The improvement of
NC gels in mechanical properties is ascribed to the orientation of both clay platelets
(plane-crosslinking) and active PNIPA chains along the stretching direction [100,101].
Nie et al. have shown that the clay particles act as multifunctional crosslinks with
average effective functionality around 50 [102].

Attention has also been paid to the NC gels with high clay content (when the NC
gel is prepared with the clay concentration greater than Cclay≈0.1mol/L in aqueous
solution), since they demonstrate distinct properties with respect to the NC gel prepared
with low clay content. First, the high clay content NC gels show much improved tensile
modulus (E), strength (σ), and toughness (G) (calculated as the area below the stressstrain curve). More interestingly, these mechanical properties are significantly-improved
in the second tensile test performed on a once-elongated NC gel [98]. A structural
model has been proposed for the NC gels synthesized with low and high clay content as
depicted in Figure 1.8 below. For the sample gel possessing high clay content, clay
platelets are oriented parallel to the stretching direction. Once the stress is released, the
orientation and strain are partially retained, making the gel stiffer and stronger. On the
other hand, if the NC gel is prepared using low clay content, clay particles are uniformly
dispersed into the polymer matrix. The clay particles are perpendicular to the stretching
direction and totally recover its strain and orientation when the external stress is
released [98]. Both tensile modulus and strength are also increased if the PNIPA-clay
NC gel is dried and then tested after re-swelling. The change in mechanical properties is
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ascribed to the irreversible re-construction of polymer/clay network structure where
extra crosslinks form due to new contacts and interactions between polymer chains and
clay [103].

Figure 1.8 Schematic representation of NC gels in the course of elongation with a) low
clay content and b) high clay content [98].

The interaction between the polymer molecules and crosslinker surface has become
another focus in this field. It has been found that clay platelets are homogeneously
dispersed in the polymer matrix [104]. So-called “clay-brush” particles, consisting of
exfoliated clays and polymer chains grafted on the clay surfaces, are formed at the very
early stage of gelation. The polymer chains subsequently bridge the neighboring clay
platelets, forming unique organic/inorganic network structure (Figure 1.9) [105]. The
gelation mechanism of NC gels can be classified into ergodic-nonergodic transition,
very similar to the mechanism of conventional OR gels. The distinct dissimilarity
between NC and OR gels is that in NC gels the cluster before the gelation threshold,
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namely the ‘clay-brush’ particles, is much larger than that in conventional OR gels
[106]. Several papers have reported a similar mechanism where acrylic acid is used as
monomer and different types of nanoparticles are used as physical crosslinkers [107109]. The clay-polymer interaction is recently reported to be of physical nature and is
reversible. The stress relaxation, which is observed when the gel is held at a set strain, is
attributed to the peeling-off of the PNIPA chains anchored on the clay surface. When
the external load is removed, the disassociated chains will re-connect onto the clay
surface [110,111]. This peeling-off and peeling-on mechanism may be able to explain
the recently observed self-healing behaviour of the NC hydrogels [112,113].

The most recent progress in this field includes the preparation of NC gels
consisting of zwitterionic copolymer and inorganic clays. The resultant gels exhibit high
mechanical properties and well-controlled thermosensitivity [114,115]. Ultrafine Pt
nanoparticles have been immobilized into the polymer-clay network to produce the
hydrogel with thermoresponsive swelling-deswelling behaviour, high mechanical
toughness, and good stability [116].
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Figure 1.9 Schematic representation of gelation of NC gels. a) aqueous solution
consisting clay and NIPA; b) reaction solution consisting clay, NIPA, potassium
peroxodisulfate (KPS) as initiator, and tetramethylenediamine (TEMED) as catalyst; c)
radical formation near the clay surface; d) formation of ‘clay-brush’ particles; e)
formation of organic/inorganic network structure [105].

In addition to good mechanical properties, NC gels also possess some other
useful characteristics. For example, some human cells such as dermal fibroblasts and
umbilical vein endothelial cells can be cultivated to confluence on the surface of
PNIPA-clay NC gels [117]. Researchers have achieved novel porous NCs with
characteristic layered morphologies which may be useful in foams with fine pores
(exterior) and high strength (interior), filters or absorbents with specific porosities [118].
Other characteristics include incombustibility, thermal conductivity, higher polymer
chains density, and environmentally-friendliness [119].
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1.2.5 Slide-ring hydrogels
A polyrotaxane (PR) is a supramolecular architecture where the linear backbone
polymer threads into cyclic molecules that are trapped by bulky end groups. The
polyrotaxane consisting of poly (ethylene glycol) (PEG) as the axis polymer and cyclic
α-cyclodextrin (α-CD) molecules is used to prepare the Slide-Ring (SR) gels by
crosslinking the reactive hydroxyl groups of two α-CD to form the gel network [10,120123]. The formed crosslinks in the SR gel are in the shape of figure eight and moveable
along the PEG chains, which gives rise to the unique network structure and mechanical
properties. The resulting gels show good transparency (transmittance at 98.2%) [10],
water absorbing capabilities (500 times as dry weight), low Young’s modulus, and high
extensibility (elongation at break around 1000%) [124,125]. A new synthesis technique
has been reported to prepare various PRs using three different backbone polymers and
cyclic molecules to improve the diversity of existing PRs [126,127]. Figure 1.10 gives a
schematic illustration on the network structure of SR gel.

The slide-ability of figure-eight shaped crosslinks has been described by the socalled ‘pulley effect’ which allows the free passage of PEG chains through the
crosslinks to equalize the external tension when the SR gel is deformed. The external
stress is herein born by cooperative chains instead of being localized onto a single short
chain as in conventional chemical hydrogels where the crosslinks are fixed by covalent
bonds [10,128-130]. Both SANS (small-angle neutron scattering) and SAXS (smallangle X-ray scattering) studies have been carried out to investigate the pulley effect of
SR gels in different solvents. The results suggest that the choice of solvent has a large
effect on the crosslink’s mobility and conformation of PR chains. In a poor solvent, the
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pulley effect becomes inert since cyclodextrins tend to form aggregations that inhibit the
free movement of PEG chains through the crosslinks [131-133].

Figure 1.10 Schematic illustration of slide-ring gel (right) and polymer network with
slide-able crosslinks prepared by crosslinking polyrotaxanes (left) [134].

Research works into the pulley effect has also revealed a novel type of entropic
elasticity which is related to the distribution or alignment entropy of un-crosslinked
cyclic molecules in polyrataxane. In a SR gel, many cyclic molecules (ring) along the
backbone chains (string) are not crosslinked and align randomly, yielding maximized
distribution entropy. When a SR gel is stretched, the free strings pass through the
crosslinks but leave the un-crosslinked rings blocked. As a consequence, the
heterogeneity of ring alignment is achieved, reducing the distribution entropy and
triggering the entropy-restoring force. The detailed mechanism is given in the literature
and gives an explanation of a series of abnormal observations discovered in mechanical
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tests such as the unique dependence of elastic modulus on the crosslinking density, the
cubic dependence of the relaxation time on the average molecular weight between the
crosslinks, and the peculiar stress-strain curves under compression test [134-137]. Photo
responsive [138] and pressure responsive SR gels have recently been reported [139].

1.2.6 Interpenetrating hydrogels with ionic and covalent crosslinks
Recently, a new type of interpenetrating hydrogel has been reported. The hydrogel
features a covalently crosslinked network and an ionically crosslinked network. In this
hydrogel system, ionic crosslinks are formed between divalent cation (Ca2+ ion) and
polysaccharides such as gellan gum, kappa carrageenan, or alginate while epoxy-amine
or polyacrylamide are used to prepare the covalent crosslinked component. Since the gel
contains two polymer networks with different crosslinking nature, it is referred to as the
“hybrid gel” [11] or an “ionic-covalent entanglement (ICE) gel” [140,141]. Both
hydrogel systems exhibit recoverability in mechanical properties reflected in the
sequential load/unload tests. The hybrid gel also shows remarkable enhancement in
fracture toughness, as described below.

First, in order to have a better demonstration on the mechanical toughness and
structural model of the hybrid gel, it is necessary to give a brief introduction on the
alginate. Naturally occurring alginate is sourced from brown seaweeds. As
polysaccharides, alginate is known to be the entire family of the linear, un-branched copolymers which contains the block of (1,4)-linked β-D-mannuronic acid (M group) and
α-L-guluronic acid (G group). The block can take the form of continuous M group,
continuous G group, or alternating G and M groups. The gelation of alginate hydrogel
can be achieved by adding divalent cations such as Ca2+ as the crosslinking agent to
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interact with the carboxylic group on the G group from neighboring alginate chains
[142-144]. A so-called “egg-box” structural model has been suggested to describe such
a crosslink which is solely contributed by the G blocks on the alginate chains [145,146].
When the alginate hydrogel is deformed, the G blocks forming the ionic crosslinks will
be pulled apart, which is known as the ‘unzipping effect’. Extensive investigations have
been done on the mechanical behaviours of single network alginate hydrogels with
particular attention paid to the effect of unzipping [147,148], gelation conditions [149154], and stress relaxation behaviours [155,156]. Figure 1.11 and 1.12 below give
illustrations on the chemical structure of alginates and ionic crosslinks formed between
G blocks and divalent cations.

Figure 1.11 Chemical structure of G block, M block, and alternating block contained in
alginates [143].

CHAPTER ONE

32

Figure 1.12 Schematic drawing and calcium coordination of the “egg-box model” as
described for the pair of guluronate chains in calcium alginate junction zones. Dark
circles represent the oxygen atoms involved in the coordination of the calcium ion[146].

Suo and co-workers performed mechanical measurements on both hybrid gel and
its parent gels: PAAm and alginate single network hydrogels. It is shown that the hybrid
gel exhibits high stretch-ability (extended to >20 times its original length) and large
toughness which can reach 9000 J/m2 in sharp contrast to the PAAm and alginate
hydrogels. More interestingly, the hybrid gel has also been shown to be recoverable in
mechanical properties. Pronounced hysteresis was observed when the hybrid gel was
loaded to a set strain and relaxed to zero stress. Both hysteresis and initial stiffness of
the virgin gel in the 1st load/unload test were significantly retrieved when the test was
re-applied on the damaged gel after it was allowed to undergo an appropriate recovery
period. More recovery was achieved by increasing the recovery duration or temperature
(see Figure 1.13). in het Panhuis et al. have reported similar observations for the ICE
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gel prepared with gellan gum and PAAm crosslinked by CaCl2 and N,N’methylenebisacrylamide, respectively. Four compression load/unload cycles with
different recovery periods between two adjacent cycles were sequentially carried out on
the virgin sample gel. Partial recovery of the hysteresis in the initial cycle was observed
in the following three cycles. The healing of the hybrid gel or the ICE gel is attributed
to the ionic crosslinks as described by the “egg-box” where the junction between the
Ca2+ ions and G blocks are unzipped when the gel is stretched by external stress. The
fractured ionic bonds will re-form when the gel is rested in the unloaded state and the
mechanical properties retrieved [11] [157].

Figure 1.13 Recovery of hysteresis in the first load/unload test as a function of time
(left). The work ratio between the 2nd loading and 1st loading after the gel was recovered
for various durations at different temperatures [11].

The effects of a series of synthesis conditions on the toughness of the hybrid gel
have been studied. To enhance the toughness of the hybrid gel, a tightly-crosslinked
alginate network and a loosely-crosslinked PAAm network is necessary. Meanwhile,
the PAAm network should be the major component of the entire hybrid gel system.
These characteristics mimic the conditions known to maximize toughness in DN gels. In
Suo’s study, the measured fracture energy of sample gels peaked at 8700 J/m2 when the
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mass concentration of PAAm was at 89wt% with respect to the total mass of PAAm and
alginate [11,158]. The fracture model which has been well-studied for the DN gel is
used to interpret the energy dissipation mechanism for the hybrid gel. In essence, when
the gel is deformed, the short alginate strands (tight network) are bearing the load, thus
pulling apart the ionic crosslinks. The damage on the alginate network, however, does
not result in the grand failure of the hybrid gel, since the long and flexible PAAm chains
(loose network) are holding together the damaged zones. The presence of the PAAm
network allows the accumulation of considerable breakages of ionic bonds even far
away from the crack tip. This process dissipates a greater amount of energy than in the
single network hydrogel and therefore, enhances the fracture toughness [11,63,70,159].
In this regard, the toughening mechanism of hybrid gels is similar to that of the DN
hydrogels, while, unlike DN gels, the ionically crosslinked first network in the hybrid
gel allows recovery of the gel over time.

Another two factors which have profound influences on the mechanical properties
of the hybrid are cation type and alginate type. Mechanical strength of alginate hydrogel
ionically crosslinked by various divalent cations (Ca2+, Ba2+, and Sr2+) has been
investigated [160]. Recently, multivalent cations have been used as ionic crosslinkers to
prepare PAAm/alginate hydrogels. It has been found that the hybrid gel ionically
crosslinked by trivalent cations exhibit higher mechanical strength and toughness than
the gels crosslinked by divalent cations [161]. More interestingly, independent control
of stiffness and toughness of the hybrid gel has recently been achieved, if the alginate
network is prepared by mixing short chain and long chain alginate. When the weight
concentration of the alginate and crosslinking density are fixed, increasing the fraction
of short chain alginate has no effect on the elastic modulus of the overall hybrid gel
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while the fracture energy increases and peaks at an intermediate value of short chain
alginate fraction. As suggested by the authors, if the alginate network is solely
composed of long chain alginates, the strength is very high but only a small area around
the crack is stressed enough to initiate ionic bond scission, leading to the lower fracture
energy. With an increase in the fraction of short chain alginates, the extent of the region
where the unzipping of ionic crosslinks occurs grows, making the hybrid gel tougher.
The measured elastic modulus and fracture energy reaches 1MPa and 16000 J/m2,
respectively when the gel is prepared at optimal conditions [162].

1.3 Research Methodology
The literature review above presents several solutions achieved by gel researchers
to enhance the mechanical performance of hydrogels. As mentioned in Section 1.1, the
objective of the present PhD study is to provide a clear and quantitative analysis on the
damage process and toughening mechanism of tough hydrogel materials. Two important
categories of tough hydrogels: DN gel and ionic-covalent PAAm-alginate hybrid gel are
the subjects of the present PhD investigation. To accomplish the research objective, the
correlation between the gel network topologies and mechanical properties was
investigated, and then the load/unload test was applied as a versatile tool to obtain
necessary information on the damage process of the sample gels. The detailed hydrogel
compositions relating to the network topologies and fracture theories used to interpret
the test results are specified in each chapter. This section briefly introduces the
mechanical tests used in this thesis, including the tensile test, trouser tearing test, and
load/unload test.
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The tensile test is a widely-used method performed on hydrogel samples to collect
useful information such as breaking strength, elongation at break, and elastic modulus.
In the present PhD work, the sample gels were cut into a dumbbell shape of
standardized dimensions and attached vertically onto two clamps of the testing machine.
The upper clamp pulled the gel upwards at a constant grip displacement rate under an
external load. One of the advantages of using a dumbbell shape is that it can prevent the
sample from breaking from the clamped point where the stress is often concentrated in a
strip shape sample [163]. Mechanical behaviours of each tested sample can be clearly
shown by the stress-strain curve. Stress (σ) is defined as the load applied on sample per
unit cross sectional area of the sample. The SI unit is N/m2 (Pa). But MPa and kPa are
more often used in many research works. The strain (ε) is dimensionless quantity which
is calculated as (hi-ho)/ho where hi is the present sample length and ho is the original
length. The strain is sometimes replaced by extension ratio (λ) which is calculated as
hi/ho. Another important parameter obtained in a tensile test is elastic modulus, which
represents a material’s capability in resisting the deformation and obeys the Hooke’s
Law for small strain [164]. From a molecular point of view, elastic modulus is a useful
value to estimate the strand density of the tested hydrogel. In the present thesis, standard
rubber elasticity theory as shown in equation (1.1) was fitted to the initial stress-λ curve
to determine the shear modulus of the sample gel.

1

σ = μ(λ − λ2 )

where μ is shear modulus and λ is extension ratio.

(1.1)

CHAPTER ONE

37

Equation (1.2) is then used to estimate the strand density of the tested gel [165]. An
indentation test is also often used by researchers to measure the elastic modulus of a soft
material, if the experimental conditions for the tensile test are not feasible [158,166]

1

∗

μ =

2

1 3 1 3
NRT (Q∗ ) (Q′ )

(1.2)

where N (mol/m3) is the concentration of network strands in the unswollen state; R is
the gas constant (J/mol.K); T is the absolute temperature (K) and Q* and Q’ are the
volumetric swelling ratios in the state where the modulus is measured and the assynthesised state, respectively.

Furthermore, the shape of a stress-strain curve can also provide useful information
on the deformation process of a hydrogel. Features such as whether the sample gel
exhibits a brittle fracture or tough fracture or whether yielding or strain hardening
occurs can be determined from the stress-strain curve and help one to understand the
damage mechanism of a hydrogel.

The characterization for the fracture toughness of hydrogel is the central interest of
this PhD thesis. Fracture energy (J/m2), defined as the energy required for the crack to
propagate per unit area [42,43], is the most critical parameter to represent the capability
of a material to resist the crack development. The attempts to interpret the origin and
nature of fracture energy have been made by several forerunners during the last century
[167,168], and some test methods such as pure shear test and double peeling test have
been proved effective to accurately estimate the fracture toughness of different
hydrogels[11,169,170]. In the present study, the trouser-like tearing test was applied to
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measure the fracture energy of different hydrogel systems, due to its convenience for
test set-up and data analysis. Researchers have adopted the method for various types of
hydrogels [42,171,172].

In the test, hydrogels are cut into a trouser-like shape with an initial notch. Two
legs of the sample are fixed vertically on the tester clamps and the upper clamp stretches
the sample up to initiate the propagation of the pre-cut notch on the sample gel. The
fracture energy can be calculated by the equation 1.3 where Fave is the average tearing
force and w is the thickness of the sample. Here, at least three tests are performed on
each sample gel. The fracture energy presented in the thesis is the average value of three
test results.

G = 2Fave/w

(1.3)

Another test used here is a load/unload test where the hydrogel sample is stretched
to a set strain and then relaxed to zero stress. The method is able to provide clear and
convincing information to describe the damage process of the tested hydrogels
[11,66,140,161,172]. Taking the DN gel as an example, hysteresis is observed between
each loading and unloading curve. Analysis of this hysteresis enables researchers to
estimate the energy dissipation upon the maximum extension ratio (λmax) and to evaluate
the fraction of fractured network strands with respect to the total strands in the virgin
gel network [71]. In the meantime, the mechanical properties of hydrogels are closelyrelated to the historic deformation maximum represented by λmax. A series of
load/unload cycle with sequentially increased λmax can be performed on the virgin
hydrogel. Helped by relevant fracture models, one can conduct analysis into the
evolution of gel modulus and the contour length of remained network strands as a
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function of λmax. Such information facilitates a more quantitative and accurate
toughening mechanism for the gel system to be proposed [66,74]. In the present PhD
investigation, the load/unload test was frequently used on the studied gel systems, and
usually took the form of sequential load/unload cycles where the λmax in the subsequent
cycle was increased. The hydrogel was stretched to the λmax and then relaxed to zero
stress before the subsequent cycle was carried out immediately.

1.4 Summary and Thesis Aims
The literature survey has introduced the mechanical properties and network
structures of several tough hydrogels that have been reported recently. It has been
suggested that the network topology has a substantial effect on the mechanical
behaviour of DN and ionic-covalent hybrid gels. The toughness of the DN gel originates
from the energy dissipation by the strand fracture of the highly-crosslinked 1st network.
Thus, one of the major aims of the present PhD study is to perform a more quantitative
analysis on the effect of the 1st network topology on the fracture toughness of the DN
hydrogels. The topologies of the 1st network were altered by varying the crosslinker and
monomer concentrations. Mechanical tests and relevant theories were used to estimate
the fracture energy of different 1st networks to determine the correlation between the 1st
network toughness and DN toughness. The load/unload test has been applied on DN
gels by other researchers, and the usefulness of Gent’s and Wang-Hong model to
interpret the test results has been proved. But one question that remains to be answered
is whether or not the load/unload test and those fracture models are applicable for a
wider range of DN gels prepared with various 1st network topologies. This issue is
another focus of this thesis. Gent’s and W-H model were herein applied to the results of
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load/unload tests which were conducted on the DN gels prepared with various 1st
network topologies. The model fits demonstrate a clear damage process and toughening
mechanism for the DN system and are thought to be the descriptions on the network
topologies for different DN gels.

For the ionic-covalent hybrid gel, its high fracture energy is derived from the
dissociation energy of ionic bonds in the alginate network. A long and flexible covalent
network allows the accumulation of considerable damages in the alginate network. One
question that was answered here was how the crosslinking degree for the alginate or
PAAm network influenced the mechanical performance of the hybrid gel. In contrast to
previous studies, the hybrid gels studied here were all swollen to equilibrium as is most
likely in practical applications. Meanwhile, the association between the ionic crosslinks
and the observed rate-dependent toughness and remarkable stress relaxation was
investigated. Mechanical recoverability of the PAAm-alginate hybrid gel has been
observed in Suo’s work. There are still several questions that remain unknown such as
are mechanical properties of the hybrid gel fully recoverable? At what conditions are
they fully recoverable? In the present thesis, sequential load/unload tests were carried
out on the virgin hybrid gels and the damaged gel after a recovery process. The extent to
which the damaged gel was able to recover was measured. Gent’s and W-H model were
applied on the load/unload test results. The evolution of the model parameters provides
a convincing demonstration on the mechanical recoverability and damage process of the
hybrid gel.

Therefore, the investigation for each of the DN or ionic-covalent hybrid gel system
in the present PhD thesis consists of two sections. The first section is to study the
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network topologies on the mechanical behaviours of the hydrogels while in the second
section, load/unload tests and existing fracture models were applied to demonstrate a
clear damage process and toughening mechanism for each DN or hybrid hydrogel.
Among the mechanical behaviours discussed herein, the fracture toughness is of the
most interest. The results obtained from these two sections fulfill the overall research
objective as mentioned in the Section 1.1. The content of each chapter is shown as
below.
Chapter 1: Introduction
Chapter 2: Effect of first network topology on the toughness of Double Network
hydrogels.
Chapter 3: Damage process and molecular weight distribution of network strands in
Double Network hydrogels estimated by mechanical testing
Chapter 4: Effect of network topologies on the mechanical properties of ionic-covalent
PAAm/alginate hybrid hydrogels.
Chapter 5: Mechanical recoverability and damage process of ionic-covalent PAAmalginate hybrid hydrogels.
Chapter 6: Conclusion and future work
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Chapter TWO
Effect of First Network Topology on
the Toughness of Double Network
Hydrogels
(This chapter presents the work that has appeared on the publication:
Xin H, Saricilar SZ, Brown HR, Whitten PG and Spinks GM. Macromolecules
2013;46(16):6613-6620)
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2.1 Introduction
As introduced in Chapter 1, DN gel exhibits very large fracture toughness of the
order of 100-1000J/m2 in contrast to <10J/m2 which is a typical fracture energy for
many conventional single network hydrogels [1-3]. Network topology has a large effect
on the mechanical toughness of DN gels. High fracture energy is obtained when the 1st
network is higly-crosslinked and the 2nd network is sparsely-crosslinked [4,5]. Fracture
models have suggested that the energy dissipated by network strand scission is the
origin of DN toughness. The short and brittle polymer strands in the 1st network fracture
and form multiple damage zones that are held together by the long and flexible strands
in the 2nd network. The presence of the 2nd network allows the accumulation of the 1st
network damages to keep the overall DN system continuous [6]. Thus, the large
toughness of DN gel results from the special network topology where the 1st network
serves as energy dissipater and the 2nd network as damage stabilizer.

However, a more quantitative interpretation on the effect of 1st network topology
on the toughness of DN system is still needed. In this Chapter, two sets of DN gels were
synthesized with essentially equivalent 2nd network but various 1st network topologies
which were altered by varying the crosslinker and monomer concentration, respectively.
Mechanical measurements were conducted on the resultant DN gels to evaluate their
toughness which were further used to evaluate the current theories relating to DN
toughening mechanism.
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2.2 Experimental
2.21 Materials
The 1st network monomer was N-vinyl pyrrolidone (NVP), and acrylic acid was
used as the 2nd network monomer. The crosslinking agent for the 1st and 2nd network
was poly (ethylene glycol) diacrylate (PEGDA, molecular weight 258 g/mol) and
triethylene glycol dimethacrylate (TEGDA, molecular weight 286 g/mol), respectively.
The initiator for both networks was 2-hydroxy-2-methylpropiophenone (HMP). All
chemical reagents were purchase from Sigma-Aldrich and used as received.

2.22 DN gel preparation
To investigate the effect of 1st network topology, two series of DN gels were
synthesized with varying crosslinker concentration and monomer concentration of the
1st network, respectively. In series 1, the crosslinker concentration was changed as 2, 3,
and 4mol% while the monomer concentration of the 1st network was fixed at 2M. In
series 2, the monomer concentration of the 1st network was adjusted between 1.5 and
2.5M with crosslinker concentration fixed at 4mol%. The crosslinker concentration was
with respect to the monomer concentration of the 1st network. In two series, the
monomer concentration of the 2nd network was kept at 7M, and the crosslinker
concentration was fixed at 0.01mol% of the 2nd network monomer. The initiator
concentration was fixed at 0.1mol% for both 1st and 2nd network with respect to the
relevant monomer (NVP or AAc).
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DN gels were synthesized via a two step sequential network formation technique.
For example, to prepare a 4% DN gel, 0.1mol% HMP and 4mol% PEGDA were
dissolved into 2M NVP aqueous solution. The solution was bubbled with nitrogen for
15 mins to remove dissolved oxygen before it was transferred into a reaction mould
consisting of two glass plates separated by a 2mm thick silicon spacer. The reaction
mould was next stored in a ultra-violet (UV) chamber with a nitrogen atmosphere for 24
hours to initiate free-radical polymerization of the 1st network. The obtained 1st single
network gel was soaked in nitrogen-purged 2nd network aqueous solution containing 7M
AAc, 0.01mol% TEGDA and 0.1mol% HMP until reaching the equilibrium. The 1st
network gel swollen with the 2nd network monomer was exposed to the UV again for 6
hours so that the 2nd network formed in the presence of the 1st network. All the obtained
DN gels were immersed in deionized water for 7 days to reach swelling equilibrium
before any mechanical test.

1st network monomer: N-vinyl pyrrolidone (NVP)

2nd network monomer: acrylic acid (AAc)

1st network crosslinker: poly (ethylene glycol) diacrylate
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2nd network crosslinker: triethylene glycol
dimethacrylate

initiator for both networks: 2-hydroxy-2-methylpropiophenone

Scheme 2.1 Molecular structure of chemical reagents used in PNVP-PAAc DN gel
preparation.

2.23 Tensile and fracture energy test
The mechanical measurements were carried out using a commercial mechanical
tester: an Instron 5566. Strain was determined from the grip displacement with a
crosshead displacement rate at 10mm/min in all cases. In tensile test, DN sample gels
were cut into a dumbbell shape with gauge length of 20mm and width of 4mm (ISO 37:
Type 2). Standard rubber elasticity [7] shown in equation (2.1) was fitted to engineering
stress () and extension ratio () to determine shear moduli ().

1 

σ  μ λ  2 
λ 


(2.1)

In trouser tearing test, the sample gel was cut into a rectangular shape (50mm x 7.5
mm) with a 20mm long initial notch. The thickness was measured by a digital calliper.
The fracture energy of a DN gel was calculated as:

G = 2Fave/w

(2.2)
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where the Fave is the average tearing force and w is the thickness of tested samples.

Figure 2.1 Tearing test performed on DN gels to measure the fracture energy. The gel
was cut into a rectangular shape with 20mm long initial notch.

2.3 Results and Discussion
The 1st network gels were characterised in terms of swelling ratios and moduli
which provide insight into the network topology (Table 2.1). Swelling ratios for the 1st
network were obtained by making identical single networks, swelling to equilibrium
and measuring swollen mass, and then drying fully to determine the polymer mass. A
soluble fraction of polymer which was assumed to not contribute to the mechanical
properties was removed in the swelling step. The 1st network swelling ratios were
slightly different for networks prepared at a common monomer concentration, since the
degree of crosslinking was not identical in all cases. Both an increase in crosslinker
concentration and monomer concentration for the 1st network result in DN gels with a
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higher modulus and reduced equilibrium swelling ratio. The modulus of an ideal
swollen gel (*) is given by [7]:

1/ 3

 1 
μ  NRT  * 
Q 
*

1
 
 Q' 

2/3

(2.3)

where N (mol/m3) is the concentration of network strands in the unswollen state; R is
the gas constant (J/mol.K); T is the absolute temperature (K) and Q* and Q’ are the
volumetric swelling ratios in the state where the modulus was measured and the assynthesised state, respectively. In the present study the moduli of the 1st networks were
measured in the as-synthesised state (Q*=Q’) so that:

1
μ'  NRT    N ' RT
 Q' 

where N’ is the concentration of network strands in the as-synthesised state.

(2.4)
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Table 2.1 Moduli () and swelling ratios (Q) of the 1st network in DN gels prepared
with different 1st network topologies and consistent second network (7 M monomer
concentration and 0.01mol% crosslinker). Strand density (N’), strand lengths (n) and
backbone bond concentration (C*) calculated for the 1st network are also given.

%
crosslinker
(1st
Network)

Monomer
Conc (1st
Network)
(M)

Q’(when 1st
network
synthesised)

μ’
(kPa)(when
1st network
synthesised)

2

2

6.20

0.77

3

2

5.84

4

2

4
4

Q’’

Q*(at DN
swelling
equilibrium)

N’ (M) (as
synthesised)

n

C* (M)(at
DN
swelling
equilibriu
m)

22.81

477

0.31x10-3

12231

0.049

3.03

22.03

141

1.22 x10-3

3302

0.166

6.60

3.58

18.23

64

1.44 x10-3

2474

0.363

1.5

10.44

0.96

34.09

318

0.39 x10-3

5828

0.074

2.5

4.94

5.86

15.05

42

2.35 x10-3

2018

0.547

nd

(when 2
network
synthesised)

Table 2.1 lists the network strand densities (N’) and average strand lengths for each
of the 1st network gels. The strand densities were calculated using equation (2.4) from
the measured as-synthesised moduli. Increasing crosslinker concentration and monomer
concentration results in a higher strand density and, therefore, lower average strand
length. The average number of backbone bonds per strand (n) was calculated from the
dry polymer density () and unit molecular weight (M) where the latter is the repeat unit
molecular weight divided by the number of backbone bonds in each repeat unit.

n

ρ
MN ' Q'

(2.5)

CHAPTER TWO

59

The density of dry polyNVP is taken as 1160 kg/m3 [8] and unit molecular weight
0.056 kg/mol. Calculated strand lengths decrease with increasing crosslinker and
monomer concentrations used to prepare the 1st network. Zhang et al. [9] also found a
linear dependence of increasing shear modulus with increasing acrylamide (AAm)
monomer concentration at constant monomer to crosslinker ratio above a low monomer
concentration threshold. The indication of these observations is that the crosslinking
reaction in these systems is more efficient at higher monomer concentrations and higher
crosslinker concentrations. It should be noted that in all cases (and as previously
reported by Zhang et al.[9]) the network strand lengths are far longer than expected for
ideal networks where all crosslinking molecules form effective crosslinks. Cyclization
reactions and the formation of multiple crosslinks commonly occur in free-radical
polymerisation in dilute solution [10-12] partly due to the higher reactivity of the
crosslinker compared to the monomer and the dilution effect. Several other reports [1315] of low shear moduli (< 10 kPa) at similar swelling ratios from single networks
formed by free-radical polymerization of vinyl monomers/crosslinkers suggest that
incomplete crosslinking is a common occurrence in such gels.

Typical stress-strain curves for the two series of DN gels at their equilibrium
swelling are shown in Figure 2.2. All curves demonstrate a “yielding” type shape where
the stress tends to plateau above an extension ratio of ~2. The extension ratio is taken
relative to the unstrained DN gel in its equilibrium swelling state. In some cases the
stress decreased slightly indicating the onset of necking. Indeed, close visual
observation of some samples showed a distinct neck region of a slightly cloudy
appearance in contrast to the transparent gel in the un-necked region. The increased
light scattering causing the cloudy appearance would be consistent with the type of
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damaged network described by Gong et al [16] consisting of islands of the undamaged
DN in a matrix of damaged DN. When it occurred, the necked region extended
throughout the cross-section of the sample and increased in length during continued
stretching of necking samples. While the formation of neck regions could not be
confirmed for all samples, the appearances of the stress-strain curves indicate that all
samples either necked or were on the verge of neck formation, which is expected as the
strain softening following yield was relatively small. Figure 2.3 demonstrates a necked
DN gel during the tensile test.
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Figure 2.2 Typical stress-extension curves obtained for DN gels prepared with a)
different crosslinker concentrations (2M monomer); and b) different monomer
concentrations (4mol% crosslinker) of the 1st network.
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Figure 2.3 Visual observation of necking on 4mol% gel with cloudy region as the
necked phase in contrast to the transparent un-necked region.

Figure 2.4 shows the results of tearing test performed on two series of DN gels to
measure their fracture energies. All the curves exhibit a plateau region where the load
appears to be a constant, indicating the stable propagation of crack under the tearing
force. The plateau region was used to calculate the average tearing force and equation
(2.2) was applied to estimate the fracture energy for each of tested DN gels

a
)

b
)
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Figure 2.4 Tearing tests performed on the DN gels prepared with various a) crosslinker
concentration (2M monomer) or b) monomer concentration (4mol% crosslinker) of the
1st network.
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The tensile strength and fracture toughness of the two series of DN gels are shown
in Figure 2.5. The strength and toughness values are typical of DN gels reported for
different monomer types [4,17]. Figure 2.5 illustrates the very large increase in
toughness and strength with an increase in both the crosslinker concentration and
monomer concentration of the 1st network. It is apparent that the 1st network topology
has a strong influence on the strength and toughness of the DN gel with increases in
strength and toughness associated with a more tightly crosslinked 1st network.

A strong correlation between the fracture energy (trouser tear test) and the tensile
strength (tensile test) is also apparent for all gels. The tensileb stress-strain curves (Figure
)
2.2) also show that the tensile strength was similar in magnitude
to the yield strength for
all gels. The correlation between fracture energy and yield strength suggests that the
yielding process involved fracture of network strands leading to softening and eventual
neck formation. A similar correlation has been previously reported by Baumberger et al.
for biopolymer single network gels [18].
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Figure 2.5 Tensile strength and fracture energy of DN gels in which the 1st network has
been prepared with a) varying crosslinker concentration; and b) varying monomer
concentration.
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The experimental results clearly demonstrate that 1st network topology has a
significant impact on the toughness and strength of DN gels. A higher level of
crosslinking and a higher monomer concentration during the 1st network synthesis both
significantly increase the tensile strength and toughness of the DN gel with the 2nd
network prepared identically in all cases. The reasons why the 1st network has such a
strong influence on the DN properties will be evaluated here with reference to the
widely-supported mechanism that the fracture toughness of gels is directly related to the
energy dissipated through network strand breakage. In simple single networks the
scission of a network strand precipitates a cascade of chain scission that leads to
macroscopic crack growth and fracture at low strains [9]. The toughness is low in single
networks because there are comparatively few strands that need to be broken per crack
area. In contrast, the DN gels can tolerate the fracture of the shorter 1st network strands
without macroscopic crack growth through the stabilising effect of the 2nd network.
Consequently, the damage volume is much larger and significantly more network
strands need to be broken during crack propagation in DN gels in comparison to
conventional single networks. The following sections consider how the 1st network
topology in a DN gel influences these bond scission processes and affects the DN
fracture toughness.

Brown has developed a quantitative model that relates DN gel toughness to the
properties of the individual networks [6]. The model is based on a fracture mechanism
involving two stages where scission of 1st network strands produces a damage zone of
multiple cracks in the 1st network. The second stage of fracture involves the full
extension of the longer 2nd network strands and their eventual scission. The energy
dissipated during crack growth is thought to be mainly due to the formation of a highly
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cracked 1st network in a damage zone surrounding the main crack. Brown was able to
estimate the width of the damage zone and predict the double network toughness as:

GDN 

4G1G2
m  1E2 b

(2.6)

where G1 and G2 are the toughness of the 1st and 2nd networks, respectively.
The parameters of the denominator are mainly related to the properties of the 2nd
network: m is the maximum extension of the damaged network which is determined by
the extension of the 2nd network and the degree of cracking in the 1st network; E2 is the
elastic modulus of the 2nd network; and b is the crack opening displacement of the 1st
network and is related to the contour length of the 2nd network [6]. For DN gels
prepared with a fixed 2nd network, equation (2.6) can be simplified to:

GDN  KG1

(2.7)

with the constant K determined mainly by the 2nd network properties.

The gel toughness values for the double network and 1st network in equation (2.7)
assume the same swelling ratio, since the swelling degree will likely affect toughness by
reducing the number of chains per unit volume. Unfortunately, the single network
cannot be swollen in water to the same extent as the DN. In addition, the 1st networks
prepared as single networks were very brittle and it was difficult to measure the
toughness directly. Because of these problems, the Lake-Thomas theory [19] for
determining the toughness in elastomers was used here to estimate the values of G1 at
the DN swelling equilibrium.
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The minimum fracture toughness of elastomers has been successfully modelled by
Lake and Thomas by estimating the energy dissipated in unloading the network strands
that cross the crack plane [20]. This threshold fracture energy occurs at low crack
velocities when viscoelastic contributions to the dissipated energy are negligible. The
energy dissipated in each strand is the backbone bond dissociation energy times the
number of bonds in the strand since bond scission occurs when all bonds are stretched
to near their limit. The fracture toughness is the energy dissipated per unit area of crack
produced and is estimated by the energy needed to break all the bonds in the fracture
zone, although only one such bond per strand actually breaks. The damage zone is a
strip of material defined by the fracture area and extending to a width d. Assuming a
Gaussian distribution of strand lengths, Lake and Thomas took this width to be related
to the unstrained length (end-end distance) of the network strands. Figure 2.6 illustrates
the fracture process.

d

d

Figure 2.6 Network strands crossing the crack plane in the unstrained state, fully
extended state and after fracture.

The Lake-Thomas approach can be applied to elastomers, solvent-swollen
elastomers and gels with the fracture energy (G0) determined by the number of
backbone bonds within the damage zone per unit crack area.

1/ 2

 3
G0  nU   
8

1/ 2

 3
N d nU   
8
*

*

C * d *U

(2.8)
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 = areal density of strands crossing the crack plane per area of crack (mol/m2)
n = number of units per strand- a ‘unit’ is defined as the atoms that are associated
with one backbone bond
U = backbone bond dissociation energy (J/mol)
N*= concentration of network strands in the unstrained network (mol/m3)
C*= concentration of backbone bonds in the unstrained network (mol/m3)
d* = unstrained width of the damage zone (m)
The (3/8)1/2 numerical factor reflects the fact that only a fraction of the network
strands are parallel to the applied stress and need to be fractured. The numerical value
applies to networks with a Gaussian distribution of strand lengths [21]. The
concentration of backbone bonds (C*) can be obtained from

C* 

ρ
 nN *
*
MQ

(2.9)

where n and N* are determined from equations (2.3)-(2.5) with

N* 

N
Q*

N'

N
Q'

 Q' 
N *  N '  * 
Q 

(2.10)

To obtain the number of backbone bonds in the damage zone, the unstrained width
of this zone must be used, since the concentration of bonds is based on unstrained
dimensions. The width of the fracture zone is taken as the unstrained end-end length of
the strands. In a dry elastomer this length is estimated based on Gaussian strands:
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d  n1r / 2lr  q1/ 2 n1/ 2l

(2.11)

nr and lr = number and length of rigid links per strand such that q = n/nr=lr/l is the
number of strand units per rigid link referred to as the characteristic ratio. By assuming
that each strand rigid length is a cube with volume lr3 the strand volume is q2nl3 with
mass nM / NA where NA is Avagadro’s number. The number of strand units per rigid link
is then estimated from:

1/ 2

 M 

q  
3 
 N Aρl 

(2.12)

The solvent swelling causes an increase in the width of the unstrained damage zone
with isotropic swelling giving:

1/ 3

 Q* 
d  q n l  
 Q' 
*

(2.13)

1/ 2 1/ 2

The correlation between the fracture toughness of dry (G0) and solvent-swollen
(G*0) elastomers are then obtained by combining the above equations:

1/ 2

3
G0   
8
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G  
8
*
0

ρ 1/ 2
q lUn1/ 2
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ρP
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 * 
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(2.14)
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(2.15)
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The fracture energy of dry rubbers is predicted to increase with increasing strand
length (n), or decreasing crosslink density. Close agreement has been observed
[19,21,22] between carefully measured threshold fracture energy in various elastomers
prepared with different amounts of crosslinking and the Lake-Thomas fracture energy
(equation 2.14).

The fracture energy for a given elastomer also decreases with

increasing swelling as illustrated by poly(dimethyl siloxane) (PDMS) elastomers
swollen to different extents in m-xylene [21]. These data provide fracture toughness
measurements and modulus values at well-defined swelling ratios. With the additional
parameters required for the calculations given in Table 2.2, the calculated and
experimental fracture energies are compared in Figure 2.7. The calculation procedure
was as follows:

1. Strand density (N*, equation 2.4 and 2.10) based on shear modulus, swelling
ratio and temperature;
2. Concentration of backbone bonds (C*, equation 2.9) based on dry density, unit
molecular weight and swelling ratio;
3. Average units per strand (n, equation 2.9);
4. Units per rigid link (q, equation 2.12 unless otherwise available) based on dry
density, unit molecular weight and backbone bond length;
5. Damage zone width (d*, equation 2.13); and
6. Toughness (G0*, equation 2.8)
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Table 2.2 Parameters used for calculating toughness of various elastomers and gels.

Backbone
Bond Energy
(kJ/mol)
Backbone
Bond Length
(nm)
Dry Polymer
Density
(kg/m3)
Strand Unit
Molecular
Weight
(kg/mol)
Backbone
Units per Rigid
Link (q)

cispolyisoprene

PDMS

polyacrylamide

poly(N-vinyl
pyrrolidone)

346 [21]

367 [21]

360 [23]

360

0.115[21]

0.143[21]

0.154[24]

0.15

920 [21]

970 [21]

1440[25]

1160 [8]

0.017

0.037

0.035

0.056

3.32

4.87

[Calculated]

[Calculated]

1.74[26]

6.25[26]

As illustrated in Figure 2.7, the calculated fracture toughness for elastomers (dry
and swollen) agrees closely with measured values. The figure contains data for various
elastomers prepared with different crosslink densities. In most cases the measured
values agree very closely with their predicted toughness. The measured toughness of
cis-polyisoprene was almost 2-3 times larger than the predicted values. Since the
calculated values were based on several assumptions, this level of agreement is
considered excellent by previous researchers [18,19]. The figure also contains two data
sets from single network hydrogels. The gel toughness for polyacrylamide gels reported
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by Tanaka [27] and those by Zhang [9] also agree within a similar accuracy with the
predicted values. Within these limits of accuracy, the data shown in Figure 2.7 illustrate
that the Lake Thomas theory can adequately account for the decrease in toughness
resulting from solvent swelling of network polymers including hydrogels. While this
theory predicts an increase in toughness for elastomers of decreasing crosslink density,
the toughness of gels prepared with different amounts of crosslinking is less clear, since
an increase in crosslinking (decreasing n) will also decrease the swelling (Q*) at
equilibrium.

100
cis PI (Gent & Tobias)

20

PDMS (Gent & Tobias)

Swollen PDMS (Gent & Tobias
80

PAAm (Zhang)

10
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0

10

Bhomwick (CR)

20

40
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0
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80

100

Measured Gc (J/m2)

Figure 2.7 Measured fracture toughness and calculated toughness values (Lake Thomas
theory) for dry and swollen networks taken from literature sources. cis polyisoprene
[unfilled diamonds [21]]; poly(dimethyl siloxane) [unfilled squares [21]]; solvent
swollen poly(dimethyl siloxane) [unfilled triangles [21]]; polyacrylamide hydrogels
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[filled circles [9] and filled squares [27]]; styrene-butadiene rubber [unfilled circles
[22]]; neoprene rubber [filled triangles [22]]. The dashed line indicates exact agreement
between calculated and measured values.

The Lake-Thomas approach was used to calculate toughness of the 1st networks
prepared here for the DN gels. Figure 2.8 shows the calculated toughness along with
network strand length for each of the 1st networks. The measured swelling ratio at the
DN equilibrium is also given and the 1st network toughnesses were calculated at this
degree of swelling. The strand length and associated equilibrium swelling increased
significantly when lower concentrations of crosslinker and monomer were used to
prepare the 1st networks. The network toughness decreases with increasing strand length
in contrast to the behaviour observed for dry elastomers because of the dilution of
chains by the solvent. The decrease in toughness of gels formulated with fewer
crosslinks is related to the dilution effect since the looser networks are able to swell
more and therefore have fewer network chains that cross the crack path.
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4%, 2.5M

4%, 2.0M

3%, 2.0M
2%, 2.0M

Figure 2.8 Calculated fracture toughness (diamonds) and swelling ratios (squares) for 1st
networks when prepared as double networks and swollen to equilibrium. Network
strand lengths were calculated from the 1st network shear modulus and swelling ratio
measured in the as-synthesised condition. The fraction of crosslinker and molar
concentration of monomer used to prepare the 1st networks are as indicated.

Finally, the measured toughness of the DN gels can be compared with the
calculated toughness for each of the 1st networks. As shown in Figure 2.9, a strong
correlation exists between the DN toughness and the 1st network toughness. The data
fall close to a linear relation as predicted by equation (2.7), suggesting that Brown’s
toughness model captures the important aspects of the contribution of each network to
the DN gel toughness. The value of constant K in equation (2.7) is assumed to be
determined mainly by the 2nd network and the linear trend of the data shown in Figure
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2.9 supports this assumption. The 2nd networks were synthesised in the same manner
each time, however, their swelling ratios (between their as-synthesised and equilibrium
states) varied from 3 to 21 which likely affects their properties. The approximately
linear trend shown in Figure 2.9 suggests that the different swelling of the 2nd network
has a relatively small effect on the DN toughness for the systems investigated here.
Indeed, the value of parameter K obtained from a least-squares linear fit to the data
(forced through the origin to comply with equation 2.7) shows that the DN toughness is
amplified by a factor of ~ 150 compared with the 1st network toughness. Previously,
Brown [6] has estimated an amplification factor of ~800 based on typical values of 1st
and 2nd network properties. Given the assumptions involved this estimate is in good
agreement with the value obtained in the present study. This giant amplification of
toughness occurs since the 2nd network stabilises cracks that develop in the 1st network,
preventing their catastrophic growth and thereby increasing the number of 1st network
strands that are broken.
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Figure 2.9 Measured fracture toughness of DN gels at their equilibrium swelling and the
calculated fracture toughness of the 1st networks determined at the DN swelling
equilibrium.

2.4 Conclusions
In this Chapter, two series of DN gels were prepared with various crosslinker or
monomer concentration of the 1st network. It is found that the 1st network topology has
a strong influence on the equilibrium swelling, modulus, strength and toughness of the
DN gel. With the increase in the crosslinker and monomer concentration used to prepare
the 1st network, the tensile strength and toughness of the DN gels are significantly
enhanced. Lake-Thomas theory was used to model the toughness of the 1st network
which was found to decrease with increasing strand length due to the reduction in areal
density of network strands in the equilibrium swollen state. The toughness of the DN
gel is directly proportional to the 1st network toughness, reinforcing the concept that
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most of the energy dissipated during DN gel fracture is attributed to strand scission and
crack formation in the 1st network. The greater is the toughness of the 1st network, the
more energy can be dissipated during fracture of the DN gel. While the toughness of the
1st network has been shown to be an important contributor to the overall DN gel
toughness, the major effect is the toughness enhancement due to the presence of the 2nd
network. In the present study, the 2nd network increases the toughness compared with
the 1st network by a factor of 150 times.
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Chapter THREE
Damage Process and Molecular Weight
Distribution of Network Strands in Double
Network Hydrogels Estimated by Mechanical
Testing
(This chapter presents the work that has appeared on the publication:
Xin H, Brown HR, and Spinks GM. Polymer. 2014;55(13):3037-3044.)
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3.1 Introduction
Chapter 2 has revealed that the 1st network has a significant influence on the
toughness of DN gels. With an increase in the monomer or crosslinker concentration to
prepare the 1st network, the fracture toughness of DN gels increases. Lake-Thomas
theory [1] has been used to estimate the fracture toughness of the 1st network prepared
with various crosslinker or monomer concentrations at DN equilibrium, and the
measured DN toughness is found to be linearly proportional to the toughness of the 1st
network. The research findings consolidate the concept that the toughness of DN gels
originates from the energy dissipation by network strand scission of the 1st network [2-4]

However, it is still necessary to conduct a more detailed analysis on the damage
process of DN gels. Recent literatures [5] have discovered very large hysteresis when
load/unload test is performed on the DN gel. Since viscoelasticity mechanism has been
proved to be a negligible factor [4,6], the hysteresis in one load/unload cycle is directly
related to the breaking of 1st network strands during loading. Wang and Hong [7] have
proposed a quantitative analysis on the load/unload behaviours of one example DN gel.
Log-normal distribution of probability function has been assumed and used to predict
the strand fracture, with shear modulus parameters (related to the density of elastically
active network strands) and maximum extensibility (representing the contour length of
the shortest such network strands) altered as a function of strain. When the network
extension exceeded the historic maximum, the shear modulus parameters decreased and
maximum extensibility increased to reflect the scission of the next-shortest intact
network strands. A modified Gent model was developed by Wang and Hong to estimate
the stress required to load the DN gel above historic maximum while the Gent model [8]
was used to predict the stress to unload and re-load the DN gel not exceeding the
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historic maximum. The calculated loading and unloading curves with best fit values of
the probability distribution gave excellent fits to the experimental curves and provided
convincing prediction of yielding in DN gels. Recently, the model was applied to
explain the ~80% decrease in modulus of one particular DN gel with strain in the preyield region. The log-normal distribution of elastically active chain lengths provided an
excellent fit to the modulus data [9].

In this Chapter, load/unload tests were carried out on a wider range of DN gels
prepared with various crosslinker and monomer concentration of the 1st network. Both
Gent and W-H model were applied to the experimental load/unload test results. The WH model parameters accounting for the probability distribution of strand fracture were
obtained and considered as descriptions of the 1st network topology. These parameters
were then used to estimate the strand length distribution of the 1st network. Determining
the molecular weight distribution of strands in crosslinked network polymers, including
hydrogels, has not been possible to date except for carefully prepared ‘ideal’ networks
[10]. The special case of sequential fracture of network strands of increasing length in
DN gels provides a unique opportunity to determine the strand length distribution in a
network polymer.
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3.2 Experimental
3.21 Materials
The 1st network monomer was N-vinyl pyrrolidone (NVP) and acrylic acid was
used as the 2nd network monomer. The crosslinking agent for the 1st and 2nd network
was poly (ethylene glycol) diacrylate (PEGDA, molecular weight 258 g/mol) and
triethylene glycol dimethacrylate (TEGDA, molecular weight 286 g/mol), respectively.
The initiator for both networks was 2-hydroxy-2-methylpropiophenone (HMP). All
chemical reagents were purchase from Sigma-Aldrich and used as received.

3.22 DN gel preparation
In the present work, two series of DN gels were prepared with varying crosslinker
and monomer concentration of the 1st network, respectively. In series 1, the crosslinker
concentration of the 1st network was systematically changed as 2, 3, and 4 mol% while
the monomer concentration of the 1st network was fixed at 2M. In series 2, the monomer
concentration of the 1st network was altered between 1.5M and 2.5M with crosslinker
concentration fixed at 4mol%. For both series, the 2nd network composition was kept
identical with monomer concentration at 7M and crosslinker concentration at 0.01mol%.
The initiator concentration was 0.1mol% for both networks. The crosslinker and
initiator concentration was with respect to the relevant monomers (NVP or AAc). In the
following sections, each gel is abbreviated by its characteristic crosslinker or monomer
concentration for simplicity.

DN gels were synthesized via a two step sequential network formation technique.
For example, to prepare a 4mol% DN gel, the 1st network aqueous solution containing
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2M NVP, 0.1 mol% HMP and 4 mol% PEGDA were prepared. After being bubbled by
nitrogen for 15mins, the solution was transferred into a glass reaction mould consisting
of two glass plates separated by silicone rubber spacer. The reaction mould was then
placed in a ultra-violet (UV) chamber in a nitrogen atmosphere for 24 hours to initiate
the polymerisation of the 1st network. The resulting single network gel was removed
from the glass mould and immersed into aqueous solution of the 2nd network which
contained 7M AAc, 0.01mol% TEGDA, and 0.1mol% HMP. When the swelling
equilibrium was reached, the swollen gel was exposed to UV for 6 hours so that the 2nd
network (PAAc) formed in the presence of the 1st network (PNVP). All the obtained DN
gels were soaked in deionised water for 7 days until the equilibrium was reached.

3.23 Load/unload test
The tests were performed on an Instron 5566 testing machine. The sample DN gels
were cut into a dumbbell shape with gauge length of 20 mm and width 4 mm (ISO 37:
Type 2). Load/unload test was composed of a series of stretch/retract cycles where the
maximum extension ratio (λmax) was sequentially increased in each successive cycle.
Extension ratio λ was calculated as hi /h0, where hi was the present length of sample and
h0 was the original length. In one cycle, the DN gel was stretched to a set λmax and
relaxed to zero load. The subsequent cycle was carried out immediately on the same
sample. In the following sections, each load/unload cycle is abbreviated by its
characteristic λmax. For example, cycle 1.6 represents a load/unload cycle where DN gels
were stretched to λmax = 1.6 as maximum deformation.
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3.3 Results and Discussion

Figure 3.1 Load/unload curves for PNVP-PAAc DN gels prepared with a) various
crosslinker concentration and b) various monomer concentration used to prepare the 1st
network
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Figure 3.1 shows load/unload results in tension for two series of DN systems
with the 1st network prepared with various crosslinker or monomer concentrations. All
tested gels underwent a series of load/unload cycles where the maximum extension
(λmax) was increased in each successive cycle from 1.2 to 3.5 sequentially. Between
each cycle the sample was relaxed to zero stress before immediate reloading. The shape
of the loading curves suggests a necking type mechanism and neck formation was
confirmed in the 4mol% crosslinker gel as a slight change in cloudiness but no clear
change in sample width or thickness (as shown in Figure 3.2). While the formation of
neck regions could not be confirmed for all samples, the appearances of the loading
curves indicate that all samples either necked or were on the verge of neck formation,
which is expected as the strain softening following yield was relatively small. Of most
interest in the present study is the pre-yield region since it has been shown that
considerable damage occurs within the 1st network prior to yielding [9,11]
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Figure 3.2 Visual observation of necking on the 4mol% gel during the mechanical test.
The necked phase appeared to be a cloudy region compared to the transparent unnecked phase.

Significant load/unload hysteresis is observed for all DN systems. Reloading
curves reproduce unloading curves until λ approaches the historic maximum extension.
The ratio of the extension at which the reloading curve deviates from the previous
unloading curve and the historic maximum extension tends to decrease for larger
maximum extensions. The ratio is near unity until the necking transition is reached.
These observations suggest an irreversible deformation process for DN gels during the
tests where network strand scission permanently alters the DN mechanical properties.

Figure 3.3 shows the calculated hysteresis as the area between the loading and
unloading curves [5] of each cycle for all tested DN gels. Interestingly, λmax ~1.6
defines a threshold below which hysteresis is close to zero. For extension ratios greater
than 1.6, a fast increase in hysteresis is seen before a nearly constant hysteresis per
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cycle occurs for extensions above 2.5. From these observations it is concluded that
deformation of DN gels is reversible with negligible fracture of network strands for
extensions to a threshold value, which is here ~1.6 in all gels. A recent study also
identified a threshold strain below which permanent damage did not occur and
correlated this threshold to the fracture strain of the 1st network [9]. All DN gels studied
here exhibit approximately the same threshold extension relative to the unstrained,
fully-swollen DN gel. However, the true threshold extension of the 1st network (based
on the relaxed, as-synthesised state) shows a dependence on the 1st network
composition, increasing with decreasing crosslink density. This dependence may reflect
the breaking strain of the 1st network, however supporting data is not available as it was
not possible to prepare such single networks swollen to the same extent as in the
equivalent DN gel.
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Figure 3.3 Hysteresis of load-unload cycles characterized with λmax for DN gels
prepared with various a) crosslinker concentration and b) monomer concentration used
to prepare the 1st network.

Unloading curves were evaluated using standard rubber elasticity models since
network damage was unlikely during stress decrease. The parameters obtained from
these analyses provided an indication of the network topology after each loading cycle
and were later used to quantitatively estimate the loading curves using the method
proposed by Wang and Hong [7]. Figure 3.4 demonstrates unloading curves fits for all
tested DN systems using the Gent model of rubber elasticity [8]. This phenomenological
model incorporates the finite network extensibility and gives strain-hardening at high
extensions:
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(3.1)

Jm

where J1 is the first strain invariant calculated in uniaxial extension from:

J1 = λ2 + 2λ−1 − 3

(3.2)

and Jm represents the limit of network extensibility, which is assumed to be related to
the contour length of the shortest elastically-active strands in the network. The shear
modulus (μ) was obtained by fitting the standard rubber elasticity model at extension
ratios less than 1.3 where strain hardening was insignificant:

1

σ = μ(λ − λ2 )

(3.3)

Model fits were found to agree very well with the experimental unloading curves
(Figure 3.4).
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Figure 3.4 Unloading curve fits using Gent model for all tested DN gels prepared with
various crosslinker and monomer concentrations of the 1st network. Red solid lines are
experimental load/unload stress and the blue dashed lines are theoretical unloading
stress curves calculated by the Gent model.
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Figure 3.5 shows the variation of the two Gent model parameters μ and Jm for all
five DN networks as a function of the maximum extension ratio λmax. All DN systems
exhibit a strong decrease in shear modulus μ and significant monotonic increase in
extensibility Jm with increasing λmax. Qualitatively, the variation in μ and Jm suggests a
damage process in DN gels where the shortest polymer strands are fully-extended and
fracture during loading above the historic maximum extension ratio. The strand density
in the remaining intact polymer network is reduced, leading to a decrease in shear
modulus during unloading and the next reloading. The shortest intact polymer strands
are longer in the reloading as shown by the increase of Jm. Extensions higher than the
previous maximum on reloading are required to induce further chain scission.
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Figure 3.5 Parameter fits of Gent model giving a) shear modulus (μ) and b) maximum
extensibility (Jm) for DN gels prepared with various crosslinker concentration and
monomer concentration of the 1st network as marked.
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Wang and Hong [7] have used Gent model parameters obtained from a damaged
DN gel to accurately predict the subsequent reloading curves. Damage in the 1st network
is characterised by the parameter η which represents the ratio of the shear modulus of
the damaged gel to that of the virgin gel. By assuming a log-normal distribution to
describe the random process of 1st network chain scission, η is estimated from:

η(λmax ) = 1 −

ηo
2

[erf (

1

√2d

ln

λmax −1
λo −1

) + 1]

(3.4)

where d is a parameter controlling the width of the log normal distribution; λo is the
median of the distribution; λmax is the historic maximum to which a DN gel has been
stretched; and ηo is a normalization parameter whose value is fixed at 0.9 in the present
work. This value for ηo was also used by Wang and Hong [7] and Gong [9] in their
studies and 1-ηo represents the ratio of the shear modulus of the fully damaged DN to
that of the virgin, undamaged DN. The stretching limit of the damaged network is
assumed in the W-H model to be a linear function with J1max:

Jm = Jo + αJ1max

(3.5)

where Jo is the maximum extensibility of the virgin gel; α is a dimensionless parameter;
and J1max is the historic maximum strain invariant calculated from equation (3.2).

To give a clear demonstration on how W-H model works, a series of mathematical
simulations have been achieved. Figure 3.6 illustrates the simulations on the effect of
three W-H model parameters: λo, d, and ηo on the evolution of η. η was calculated using
equation (3.4) with one of three parameters systematically changed while the other two
were fixed at a constant. In Figure 3.6 a), d and ηo was kept at 1.5 and 0.9, respectively
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with λo progressively varied from 1.2 to 3.5. The blue solid lines demonstrate the
calculated η at various λo as a function of λmax. Wang and Hong [7] adopt log-normal
probability density function (PDF) to describe the damage rate of the 1st network: η with
dη

λmax. Equation (3.4) is obtained from the integration of dλ

max

. Since λo is the median of

the distribution function, the area below the PDF curve up to λo is 0.5. Thus, the
physical meaning of λo is the extension ratio at which 50% of 1st network strands have
been fractured. 1-ηo, as suggested by Wang and Hong, is the ratio between the shear
modulus of a DN gel with fully-damaged 1st network and that of a virgin DN [7]. ηo is
thereby represents the fraction of the 1st network strands available for scission with
respect to the total number of strands in a DN gel. Given that ηo was fixed at 0.9, the
calculated η at λo was always equal to 0.55, which is shown by the red solid line in
Figure 3.6 a). Figure 3.6 b) illustrates the influence of distribution width (d) on the
evolution of η. η was estimated with various d at a fixed value for ηo (0.9) and λo (2.5).
Figure 3.6 c) shows the evolution of η when ηo was sequentially changed from 0.4 to
0.9 at a fixed λo (2.5) and d (1.5). It is clear that at a given ηo, the asymptotic value of
the calculated η is (1- ηo) when λmax → ∞, suggesting that the available 1st network
strands have fractured in full and the stiffness of the DN gel at this state is equal to that
of the 2nd single network gel.
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Figure 3.6 Mathematical simulations on the effect of W-H model parameters on the η
evolution. η was calculated when one parameter was systematically changed and the
other two parameters was held constant. In a), d = 1.5 and ηo =0.9; b) λo = 2.5 and ηo =
0.9; c) λo=2.5 and d=1.5.

Figure 3.7 Theoretical first-loading stress calculated with various ηo at fixed λo and d.

The parameter ηo also has a significant effect on the shape of first-loading stressstrain curve. The method to predict the first-loading curve is also given by W-H model
and will be detailed in a later section. Here, the stress-λ curves were calculated with
various ηo from 0.7 to 0.95 at a fixed λo and d. It should be noted here that in reality
both λo and d will vary slightly if ηo is set at different values. In this section, for
simplicity, λo and d is kept at 2.5 and 0.8, respectively to simulate the stress-λ curves
with different ηo values. As shown in Figure 3.7, with increasing ηo from 0.7 to 0.95, the
calculated stress-λ curve exhibits a clear necking mechanism where the stress decreases
following a plateau region. Meanwhile, a larger ηo results in a lower necking stress and
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a longer necking stretch. This observation is consistent to W-H model suggesting that a
larger ηo represents a longer and more flexible 2nd network which is the necessary
condition for the necking to occur [7]. If ηo is small, the necking will be inhibited as
shown by the stress-λ curves calculated with ηo at 0.7 to 0.8, respectively.

Now, W-H model is applied to different DN systems to obtain model parameters.
In details, for one DN gel, the initial shear modulus was determined by fitting equation
(3.3) to the first-loading curve. The ratio between the shear modulus of each unloading
curve and that of the first-loading curve was used as experimental η. Jm fits of Gent
model to the unloading curves were used as experimental Jm. Equation (3.4) and (3.5)
were fitted to experimental η and Jm, respectively to obtain W-H model parameters.
Figure 3.8 compares the experimental parameters and curves fitted using equations (3.4)
and (3.5) for different DN systems. It is clear that W-H model is able to provide very
agreeable fits to η and Jm with η (λmax) exhibiting a monotonic decrease while Jm is
linearly proportional to J1max. Both parameters indicate very strong dependences on the
historic maximum of deformation. When the gel is stretched above its historic
maximum extension ratio, the density of remained elastically-active network strands (η)
is reduced. Simultaneously, Jm increases with J1max, suggesting the contour length of
shortest intact strands in the damaged phase becomes longer.
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Figure 3.8 η and Jm fits obtained by applying the original W-H model. Red square dots
are experimental values and blue dashed lines are theoretical values fitted from
equations (3.4) and (3.5), respectively.
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The W-H model was next used to develop estimates of the entire load/unload
curves. The loading stress (s) was calculated using a form of the Gent model in which
the network parameters depend on the extension ratio and change when the historic
maximum of deformation has been exceeded. Thus, equation (3.6) was used to calculate
loading stress when the extension ratio exceeded the historic maximum (λ > λmax) and
where η (λ) and J1 were determined using equations (3.4) and (3.5). μ in the equation is
defined as the initial shear modulus of the gel obtained from the initial loading curve by
equation (3.3). The stresses during unloading and subsequent re-loading to extensions
less than the historic maximum were calculated using equation (3.7), which is simply
the Gent model with parameters fixed by the historic maximum extension (λmax).

J1
)
m (λ)

σ = μη(λ)(λ − λ−2 )/(1 − J

σ = μη(λ𝑚𝑎𝑥 )(λ − λ−2 )/(1 − J

(3.6)

J1

)

m (λmax )

(3.7)
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Figure 3.9 Load-unload curve fits via original W-H model. Red solid lines are
experimental load-unload curves. Blue dashed lines are fitted loading-unloading stress.
The inset shows the small strain region.
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Figure 3.9 shows load/unload curves fits for DN gels prepared with different 1st
network compositions via original W-H model. Despite very accurate fits for unloading
curves, significant disagreement in the loading curves is apparent. One clear problem
relates to the model assuming that hysteresis occurs in all load / unload cycles, which is
inconsistent with observations. As shown in Figures 3.1 and 3.2, the DN gels
investigated here only exhibit noticeable hysteresis if they are stretched above λmax of
1.6.

It is reasonable to define the threshold extension ratio (λt) as a deformation

boundary between non-chain scission and chain-scission, as previously suggested [9].
Chain breakage will not occur in the virgin gel until the maximum deformation exceeds
λt. In recognition of this observation, the W-H model was modified as described in
equation (3.8) so that η (λmax) is fixed at unity and only starts to change when λ exceeds
λt. The curves fitted to the experimental data using equation (3.8) are shown in Figure
3.10.

η(λmax) = 1

(λ≤λt)

η(λmax ) = 1 −

ηo
2

1

[erf (

√2d

ln

λmax −λt
λo −λt

) + 1] (λ>λt)

(3.8)
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Figure 3.10 Experimentally determined shear modulus ratios (η) and curve fits using the
modified W-H model in which η=1 when λ≤λt. The threshold extension ratio (λt) was
1.6 in each case shown here.

A second consequence of the threshold extension relates to the determination of
the maximum extensibility of the gels. In the original W-H model the maximum
extensibility of the virgin gel (Jo) has been determined from an extrapolation to J1max=0
of the linear fit to experimental Jm values. The extrapolation method is illustrated in
Figure 3.11 by the dashed lines. For the DN gels investigated here, however, the
maximum extensibility should remain unchanged from that of the virgin gel for
extension ratios up to λt. As illustrated by the dotted lines in Figure 3.11, a smooth
transition from the constant Jo value to the linearly varying Jm was obtained using a
polynomial extrapolation to J1max=0. This smooth transition was necessary since a sharp
transition gave unsatisfactory ‘kinks’ in the calculated loading curve. Equation (3.9)
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with a, b and c as fitted constants describes the modified procedure for determining the
network maximum extensibility at various J1max (corresponding to the λmax values).

Jm = a+b(J1max - c)2

(λ≤λt)

Jm = Jo + αJ1max

(λ>λt)

(3.9)
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Figure 3.11 Experimentally determined maximum extensibilities (Jm) at various
maximum strain invariants (J1max determined from λmax). The dashed line shows linear
fits to the data points and extrapolated to J1max=0 as in the original W-H model. Dotted
lines show polynomial extrapolations that approximate a constant maximum
extensibility below the extension threshold (λt ~1.6).

Figure 3.12 gives load-unload curve fits for different DN gels using the modified
W-H model. Compared with the original model (Figure 3.9), the modified model
correctly shows no load/unload hysteresis for extensions less than the threshold value.
Hysteresis in the load/unload cycle only appears from a λmax of 1.8, which is consistent
with the experimental results.

Secondly, the modified W-H model gives better

estimates of the loading curves during the initial loading cycles to low extension (as
shown in the inset of each figure) in comparison with the original model.
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Figure 3.12 Load-unload curve fits for various DN gels via modified W-H model. The
inset shows the small strain region.
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Table 3.1 Parameter fits using modified W-H model for DN gels prepared with various
corsslinker concentration of the 1st network. The shear modulus ratio (o) is fixed to 0.9.

λo

d

α

Jo

2%

3.94

1.53

1.36

0.02

3%

2.51

1.59

1.12

0.21

4%

2.35

1.40

1.1

0.29

ηo

0.9

The W-H model provides a satisfactory mathematical description of the
progressive scission of network strands in the 1st network during extension of DN gels
in the pre-yield region and it is worthwhile to consider the physical meaning of the
fitting parameters. In particular, the 1st network is assumed to display a log normal
distribution of strand lengths since the probability function describing the failure of
network strands is taken as a log normal distribution and defined by the parameters λ o
and d. If it is assumed that the shortest intact strands are the most likely to break then
the probability distribution also reflects the strand length distribution of elasticallyactive strands in the 1st network. Given this assumption, the analysis of the probability
distribution could provide a unique method for determining the distribution of
molecular weights of strands within the crosslinked network.

The probability distribution of the W-H model relates the fractional decrease in
shear modulus to the extension ratio and a transformation is needed to determine the
distribution of network strand concentrations as a function of strand length. To calculate
the strand length of the 1st network, it is necessary to convert the extension ratio of the
DN gel (λDN) into the true extension ratio of the 1st network. Swelling of the 1st network
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beyond its as-synthesised swelling contributes to the extension of the 1st network
strands:

1/3

V

λ1 = λDN ( VDN )
1

Q∗ 1/3

= λDN (Q′ )

(3.10)

Q* and Q’ are the volumetric swelling ratio of the 1st network at the equilibrium state
for the DN and in the as-synthesized state for the 1st network, respectively. Table 3.2
lists the swelling ratios for each 1st network gel prepared with different crosslinker
concentrations along with shear moduli and total strand concentration. The detailed
mechanical and swelling tests to obtain these data are introduced in Chapter 2.

Table 3.2 Modulus of as-synthesized 1st network gels prepared with different
crosslinker concentrations. Volumetric swelling ratio from dry of the 1st network in the
as-synthesized 1st network gel (Q’) and equilibrium swollen DN gel (Q*)

Q’
% crosslinker
(1stNetwork)

μ’

(1st network gel (1st network as
as synthesised) synthesised)
(kPa)

Q*

N’

(at DN
swelling
equilibrium)

(1st network as
synthesised)
(mol/m3)

2

6.20

0.77

477

0.31

3

5.84

3.03

141

1.22

4

6.60

3.58

64

1.44

The extension ratio of 1st network strands fully-stretched to their contour length
with respect to the as-synthesised state is given by:
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𝑛1/2

(3.11)

𝑞 1/2

where n is the number of C-C bonds in the strand (strand length), l is the length of the
C-C bond (≈ 0.154nm) [12], and q is a constant giving the number of backbone bonds
per rigid link in the strand (for our 1st network q ≈ 4.8 as introduced in Chapter 2). Then
𝑛𝑙 is the contour length of the network strands and 𝑛1/2 𝑙𝑞1/2 is the end-to-end distance
of the strands in the unstrained state (as-synthesised). Using equation (3.11) the strand
length (n) of fully extended strands can be calculated for each extension ratio and it is
assumed that these strands fail leading to a decrease in strand concentration and shear
modulus. It should be emphasized here that no chain scission occurs for extensions less
than the threshold (λt) since the shortest strands in the virgin gel (strand length =nt) are
not fully stretched.

Now, the strand length distribution in the 1st network can be derived. The
parameters of the log-normal distribution describing the chain failure of the DN
network (prepared with three different crosslinker concentrations of the 1st network) are
fitted and shown in Table 3.1. Thus, the probability of chain scission based on extension
ratio of DN gel (λDN) can be written as the following:

P(𝜆𝐷𝑁 ) =

1 ln(𝜆𝐷𝑁 −λ𝑡 )−𝐴 2

1
(𝜆𝐷𝑁 −λ𝑡 )𝑑√2𝜋

exp { − 2 [

𝑑

] }

(3.12)

Where A=ln(λo- λt). The mathematical correlation between λDN and strand length of the
1st network (n) can be obtained from equations (3.10) and (3.11) as shown below:

Q′

1/3

λDN = ( ∗)
Q

n 1/2

( )
q

= C𝑛1/2

(3.13)
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Where C is a constant since Q’, Q*, and q are all fixed values for each 1st network in the
present research. Substituting equation (3.13) into equation (3.12) gives the probability
of chain scission in terms of the strand length of the 1st network:

P(n) =

1
(C𝑛1/2 −𝜆𝑡 )𝑑√2𝜋

1 ln(C𝑛1/2 −𝜆𝑡 )−𝐴

exp { − 2 [

𝑑

2

] }

(3.14)

Where A=ln(Cno1/2- λt)

The log normal probability distribution given in equation (3.14) can be normalised
to give the distribution of strand length concentrations (X*) at the DN swelling
equilibrium since:
∞

N* = ∫𝑛 𝑋 ∗ (𝑛)𝑑𝑛
𝑡

(3.15)

where N* is the strand density of the 1st network in the DN gel at the swelling
equilibrium. The strand density of the as-synthesised first network (N’) can be
determined from the measured shear modulus (μ’):

𝜇′ = 𝑁 ′ 𝑅𝑇

(3.16)

where R and T have the usual meanings, and

𝑄′

𝑁 ∗ = 𝑁 ′ (𝑄∗)

(3.17)

The distribution of network strand lengths expressed as the concentration of strands is
then given by:
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𝑁∗
(C𝑛1/2 −𝜆𝑡 )𝑑√2𝜋

1 ln(C𝑛1/2 −𝜆𝑡 )−𝐴

exp { − 2 [

𝑑

2

] }

(3.18)

Figure 3.13 Log normal distribution of strand density (X*) to strand length (n) for DN
gels prepared with various 1st network crosslinker concentration (as indicated). An
expanded ordinate scale is given in part (b) to better illustrate the strand length
distribution of the 2% crosslinker gel.
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Figure 3.13 shows the network strand length distribution for the 3 different DN
gels prepared with different 1st network crosslinker concentrations. Strand density
values for the 4% and 3% gel are much larger than that of the 2% gel. The strand length
distribution for the 2% DN gel is enlarged in Figure 3.13(b). Clear correlations between
the 1st network crosslinker concentrations and network topologies can be seen in these
distributions. Generally, increasing the crosslinker concentration of the 1st network
creates a gel network with more and shorter elastically-active polymer strands. The
increase in overall strand density is highlighted by the increase in the global maximum
of X* from 1.45×10-3 to 0.5×10-1 and to 1.5×10-1 mol/m3 with an increase in crosslinker
concentration from 2 to 3 to 4%. Also, the length of the shortest polymer strands
decreases with an increase in crosslinker concentration of the 1st network. For example,
the shortest network strand for the 4% gel is composed of approximately 50 carboncarbon bonds and increases to ~200 carbon-carbon bonds for the 2% crosslinker gel.

3.4 Conclusions
The major aim of this Chapter is to investigate the damage process occurring in
DN gels. Load/unload tests were performed on a wider range of DN gels prepared with
various crosslinker or monomer concentrations of the 1st network. Gent’s model and WH model were applied to the experimental load/unload test results and model fit
parameters gave a clear fracture process for the DN system. When the DN gel was
stretched above its historic maximum of deformation, the shortest network strands were
fully-stretched and fractured, leading to the decrease of strand density in the remaining
gel network. Simultaneously, the contour length of intact strands in the damaged phases
became longer. With only minor amendments, the W-H model, which provides
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quantitative description on the load/unload tensile stress-strain curves, was able to
satisfactory predict the shape of successive load-unload curves for different types of DN
gels. Improvements were made by including a threshold extension ratio below which
the gels were undamaged and no hysteresis in the load and unload curves was observed.
For the gels investigated in the present study, this threshold extension ratio was ~ 1.6.

The second aim was to investigate the relationship between the fitting parameters
used in the W-H model and the topology of the DN gels. It was proposed that the
parameters describing the probability function related to network strand scission during
tensile loading could be related to the strand length distribution in the 1st (tight) network
of the DN gel. The W-H model predicts the loading curves by accounting for the
successive scission of the shortest elastically active network strands during monotonic
tensile loading. Consequently, the model fit parameters could be further evaluated to
estimate the molecular weight distribution in terms of the concentration of network
strands in the gel for each strand length. As crosslinker concentration increased, the
strand length distribution showed a higher concentration of shorter networks strands. It
is thought that such an estimation of the strand length distribution in a crosslinked
polymer had not been previously achieved and is only possible because of the unique
fracture mechanism that occurs in DN gels.
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Chapter FOUR
Effect of Network Topologies on the
Mechanical Properties of Ionic-Covalent
PAAm-Alginate Hybrid Hydrogels
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4.1 Introduction
The previous chapters have revealed that the excellent mechanical toughness of
Double Network hydrogel originates from the energy dissipated by covalent bond
scission of the 1st network. The multiple microscopic damage zones that form in the 1st
network as a result of strand scission are stabilized by the 2nd network which prevents
the overall gel system from catastrophic failure. This toughening mechanism also means
that the mechanical properties of DN gel are irreversible. This characteristic may limit
the application of DN gel in some fields such as artificial muscle which requires the
candidate material to be able to undergo many load/unload cycles without damage and,
therefore, requires recoverable mechanical properties.

Suo et al. recently [1] reported a novel hydrogel consisting of ionically crosslinked
alginate and covalently crosslinked polyacrylamide. As the gel is composed of two
networks with different crosslinking nature, the gel is referred to as a hybrid gel. Such a
gel is found to be highly stretchable, very tough, and more interestingly, recoverable in
mechanical properties. The pronounced hysteresis created in the first load/unload cycle
was significantly retrieved in the subsequent mechanical test after a temperatureinduced recovery operation. The material’s recoverability is attributed to the ionic
crosslinks where the guluronic units (also known as G group) on the alginate chains are
associated by Ca2+ to form a zip-like junction [2-7] When a hybrid gel is subject to
external force the crosslinks will be “unzipped”, the unzipped ionic bonds re-form when
the material is kept at zero stress for some time to make the gel recoverable [1,8-11].
The ionic-covalent hybrid gel has aroused extensive interests within gel science. A
detailed literature review is presented in Chapter 1.
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In this chapter, the research focus was shifted from the DN system to ioniccovalent hybrid gels, since the latter gels shows mechanical recoverability, which
enables them to be a promising candidate for many bio-mechanics uses, in particular,
the artificial muscle. Moreover, the co-existence of ionic and covalent crosslinks clearly
differentiates the gel from conventional physical or chemical hydrogels. Thus, the
hybrid gel provides a unique and distinctive model system for gel researchers to
investigate how the polymer networks of different crosslinking type co-operate together
to toughen the overall system. Further studies in this area are not only able to expand
the applications of hydrogels but also create new insight and knowledge into their
fracture mechanics and polymer physics.

In the present research work, the hybrid gel was prepared with ionicallycrosslinked alginate and covalently-crosslinked polyacrylamide. The effects of ionic and
covalent crosslinker concentration on the mechanical strength and toughness of hybrid
gels were investigated. As described in Chapter 1, previous work has also investigated
the effect of crosslink density for both covalent and ionic networks on the fracture
toughness of the hybrid gel. This prior work considered hybrid gels that were tested asprepared [1]. In the current study the gels were soaked in water to achieve their
equilibrium swelling before testing. The fracture model which accounts for the
toughness enhancement by the collective role of a tight and a loose network was used to
interpret the test results [12,13]. Rate-dependence and stress relaxation behaviours of
the hybrid gel were also studied.
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4.2 Experimental
4.21 Materials
The monomer of the covalently-crosslinked network was acrylamide (AAm, 40wt%
aqueous solution Sigma-Aldrich). potassium persulfate (KPS; Sigma-Aldrich) and
N,N’-methylenebisacrylamide (MBAA; Sigma-Aldrich) were used as radical initiator
and crosslinking agent for the polymerization of PAAm gel, respectively. Sodium
alginate from brown algae (Alg; Sigma-Aldrich) was used to prepare ionically
crosslinked network, and calcium chloride (CaCl2; Sigma-Aldrich) was used as ionic
crosslinker. All the chemical reagents were used as received. Deionized water was used
in gel preparation.

4.22 Hydrogel preparation
Ionic-covalent PAAm-alginate hybrid gel. To investigate the effect of ionic and
covalent crosslinker concentration on the mechanical properties of the hybrid gels, two
sets of sample gels were synthesized. In respective sets, the amount of MBAA or CaCl2
was varied systematically while the concentration of other chemical reagents remained
constant. In set 1, to prepare hybrid gels with different covalent crosslink densities,
0.1mol% KPS and various amount of MBAA (0.01, 0.05, 0.1, and 0.5mol %) were
dissolved in 40wt% aqueous AAm solution. The concentration of KPS and MBAA was
with respect to the molar concentration of AAm. The alginate solution was made with
1.33g alginate and 23g deionized water. Two solutions were then blended and stirred for
2h with AAm concentration at 12wt% and alginate at 4wt%. The gel solution was next
bubble by nitrogen for 40mins and then degassed in a vacuum environment for 2h to
remove dissolved oxygen, and then injected into a glass reaction mould consisting of
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two glass plates separated by a 2mm thick silicon spacer. The mould was placed in a
60oC fanned oven for 6h to finalize the polymerization. The resulting gels were called
covalent PAAm-alginate gels until they were immersed in 2wt% CaCl2 solution for 5
days to ionically crosslink the alginate. In set 2, MBAA and KPS concentration was
fixed at 0.05 and 0.1mol% with respect to the molar concentration of AAm. All the gel
preparation procedures were identical to set 1 until the covalent PAAm-alginate gels
were obtained. Those gels were next immersed in CaCl2 solutions of different
concentrations (0.05, 0.1, 0.5, and 2wt %) to produce hybrid gels with various ionic
crosslinking density. In the following text, for simplicity, the hybrid gel is referred to
by its characteristic MBAA or Ca2+ concentration. For example, in set 1, the gel
prepared with MBAA concentration at 0.05mol% is referred to as 0.05mol% gel. In set
2, if the gel was immersed in 2wt% CaCl2 solution, it was named as 2wt% gel. Before
any mechanical test was conducted, the hybrid gels were soaked in deionized water for
7 days to reach the swelling equilibrium.

Covalent PAAm-alginate gel. The same procedure introduced above was applied
to prepare covalent PAAm-alginate gel. The only difference was that the gel was not
immersed in CaCl2 solution hence it was composed of non-ionically crosslinked
alginate and covalently crosslinked PAAm network. In the present work, covalent
PAAm-alginate gel was prepared with identical chemical composition as 0.05mol%
hybrid gel, and it was used in the stress-relaxation test.

PAAm gel. PAAm single network gel was prepared with identical chemical
formulation as the PAAm network in 0.05mol% hybrid gel. After the gel solution was
bubbled with nitrogen, it was transferred into the same glass reaction mould used for
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hybrid gel synthesis. The mould was then placed in 60oC fanned oven for 6h to obtain
PAAm single network gel. As-synthesized PAAm gel was directly used in the stress
relaxation test.

4.23 Tensile and fracture energy test
All the mechanical measurements were carried out on an EZ-S mechanical tester
(Shimadzu, Japan). Tensile tests were performed on dumbbell shaped samples with
gauge length of 20mm and width of 4mm. Strain was determined by crosshead
displacement at the velocity of 10mm/min. Standard rubber elasticity theory was fitted
to the initial extension ratio (λ) of stress () -stretch curve to calculate shear modulus (μ)
of each tested sample.

1

σ = μ(λ − λ2 )

(4.1)

Fracture energy was obtained by the tearing test where the hybrid gel was cut into
a rectangular shape (50mm x 7.5 mm) with a 20mm long initial notch. The thickness of
each sample was measured using a digital caliper. The fracture energy of a sample gel
was calculated as:
G = 2Fave/w

(4.2)

Where Fave was average tearing force and w was the thickness of the sample.

4.24 Swelling test
As-synthesized PAAm-alginate hybrid gels prepared with various MBAA or Ca2+
concentrations were soaked in excess deionized water to reach swelling equilibrium.
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The un-reacted chemicals were removed in the process. The gels were then dried at
60oC fanned oven for a few days after which the dry mass of each gel was measured.
The swelling ratio at equilibrium was calculated as the ratio of the equilibrium mass to
the dry mass.

4.25 Stress relaxation test
Stress relaxation tests were carried out on PAAm-alginate hybrid gel, covalent
PAAm-alginate gel, and PAAm single network gel to investigate their stress relaxation
behaviours. In order to prevent water loss, the entire test was performed in an
approximately 40cm long polyethylene tube with an internal diameter of 4cm. Before
the test, the tube was thoroughly rinsed with deionized water to create a moist inner
environment. In the test, the gel was fixed at tube bottom and attached to the upper
crosshead of tensile tester. Strain was determined from grip displacement. Unless
otherwise specified, the grip displacement rate was 10mm/min. The gel was first loaded
to a set strain which was held for a particular period of time. The stress was recorded as
a function of time. The sample was then unloaded.

4.3 Results and Discussion
4.3.1 Swelling ratios
In the present study all sample gels were tested at the swelling equilibrium state.
Table 4.1 indicates the swelling ratio of all sample gels after equilibration in deionized
water. It is clear that swelling ratio variation was very large among the gels prepared
with various Ca2+ concentrations and decreased with increasing Ca2+ concentration. On
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the contrary, when the Ca2+ concentration was fixed, the gels prepared with different
MBAA concentrations exhibited similar equilibrium swelling ratios. These results
indicate that the ionic crosslinked alginate forms the tighter of the two networks and
controls the amount of hybrid gel swelling. The degree of swelling of the hybrid gels
studied here is quite similar to those reported previously by Naficy et al. for hybrid gels
prepared in the same two-step crosslinking process used in the present study and then
swollen to equilibrium [14].

Table 4.1 Swelling ratios of PAAm-alginate hybrid gels prepared with various MBAA
and Ca2+ concentration.

MBAA concentration
(mol%)

CaCl2 concentration
(wt %)

0.01
0.05

Swelling ratio

9.01
2

9.43

0.1

9.37

0.5

8.7

0.05

0.05

24.17

0.1

15.88

0.5

10.13

2

9.47
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Figure 4.1 Effect of MBAA covalent crosslinker concentration on tensile properties of
hybrid gels measured after swelling to equilibrium in deionized water.

Figure 4.1 illustrates the effect of MBAA concentration on tensile properties of
PAAm-alginate hybrid gels. Generally, the increase in MBAA concentration led to a
noticeable decrease in tensile strength and elongation at break for the hybrid gel. The
measured tensile strength was 235±22 and 277±13 kPa for 0.5mol% and 0.1mol% gel,
respectively, and it increased to 415±39 and 429±48kPa when the MBAA concentration
declined to 0.05 and 0.01mol%. Similarly, the elongation at break (λb) was less than 7
for 0.5 or 0.1mol% gel, while λb increased to above 12 if the MBAA concentration
decreased to 0.05mol%. It should be noted here that the sharpest increase in tensile
strength and λb occurred when MBAA concentration was reduced from 0.1 to 0.05mol%
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whereas no significant enhancement in mechanical properties was observed between
0.05mol and 0.01mol% gel. Hence, it is assumed that the critical value of MBAA
concentration to enhance tensile properties of the hybrid gel is around 0.05mol%. As
shown in Figure 4.1 (b), MBAA concentration did not influence the shear modulus (μ)
of the hybrid gel significantly. The shear modulus showed a slight increase from 38 ± 2
to 42 ± 0.23 to 51 ± 8.9kPa, as the MBAA concentration decreased from 0.5 to 0. 05 to
0.01mol%, respectively. The PAAm-alginate hybrid gels studied here were prepared
with CaCl2 concentration at 2wt%. The insensitivity of the hybrid gel modulus to
covalent crosslinker concentration indicates that the covalent PAAm forms a loose
network within the more tightly crosslinked ionic alginate network and the amount of
covalent crosslinker has only a slight influence on the initial stiffness of the overall
hybrid gel.

Figure 4.2 demonstrates tearing test results performed on PAAm-alginate hybrid
gels that were prepared with various MBAA and Ca2+ concentrations. As shown in the
figure, a plateau region where the load tends to be a constant exists in all curves. The
region is considered to be the stage where the pre-cut notch underwent stable
propagation so that the average tearing force Fave was calculated from this region.
Equation (4.2) was used to calculate fracture energies (G) of all sample gels and the
results are shown in Figure 4.3. It is clear that both MBAA and Ca2+ concentration have
a large effect on the fracture toughness of PAAm-alginate hybrid gels. Fracture energy
was enhanced from 94 ± 26 to 1717 ± 103J/m2 as MBAA concentration was reduced
from 0.5 to 0.01mol%. In contrast, fracture energy remarkably increased from 151 ± 49
to 1280 ± 56J/m2 with increasing Ca2+ concentration from 0.05 to 2wt%.
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Figure 4.2 Tearing curves of PAAm-alginate hybrid gels prepared with various a)
MBAA concentration and b) Ca2+ concentration.
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Figure 4.3 Effect of a) MBAA covalent crosslinker concentration (Ca2+ ionic crosslinker
concentration fixed at 2 wt%) and b) Ca2+ ionic crosslinker concentration (covalent
MBAA crosslinker concentration fixed at 0.05 mol%) on fracture energy of PAAmalginate hybrid gels.
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The figures above clearly illustrate the effect of MBAA and Ca2+ concentration on
tensile properties and fracture energy of PAAm-alginate hybrid gel. The observations
mirror the findings for double network gels where toughness enhancement is produced
by the presence of a tight network that is reinforced with a much larger quantity of a
loose network. In the hybrid gels studied here (and previously [1,14]), a denselycrosslinked alginate and a loosely-crosslinked PAAm network are necessary conditions
for toughness enhancement. Suo et al. have reported the effect of both Ca2+ and MBAA
concentration on tensile strength, elastic modulus, and fracture energy of PAAmalginate hybrid gels prepared in a one-pot synthesis procedure and tested as-synthesized
(ie. not swollen to equilibrium). The fracture energy was reported to peak at an
intermediate concentration for both covalent and ionic crosslinker. The peak fracture
energies were 8,000-9,000 J/m2 or 4-5 times higher than the maximum fracture energies
reported in the present study [1]. These differences in fracture energy likely result from
the different preparation conditions leading to higher swelling ratios of the tested gels in
the present study.

For interpreting the mechanical properties of PAAm-alginate hybrid gel, the
fracture model accounting for the damage process of covalent Double Network
hydrogel (DN gel) can be utilized here, since both DN and the hybrid gel systems
exhibit enhanced mechanical toughness with the combination of a tight and a loose
network. In a DN gel, very large fracture toughness is derived from energy dissipation
by irreversible covalent bond scission of the 1st (tight) network. The multiple damage
zones that develop in the 1st network are held together by the longer and more prevalent
2nd network chains so that catastrophic failure is prevented. Therefore, the remarkable
toughness of DN gels is obtained when the 1st network is highly-crosslinked and the 2nd
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network is loosely crosslinked [12,13,15]. The former condition guarantees a large sum
of short polymer strands whose energy is dissipated during crack development. The
latter one ensures 2nd network chains to be long and elastic enough to bridge 1st network
damage zones.

In ionic-covalent PAAm-alginate hybrid gel, guluronic acid (G group) from
different alginate chains are connected by Ca2+ ions, forming ionic crosslinks which are
described by a widely-accepted ‘egg-box’ model [2,3]. When the alginate network is
subject to stress, the crosslinks can be pulled apart in a process known as an ‘unzipping’
effect that ultimately leads to the unloading of the network strand [8,9]. For single
alginate networks, such an unzipping will lead to macroscopic failure because of
damage localization. In contrast, the hybrid gel studied here has an interpenetrating
network (IPN) with mutual network entanglement. It has been suggested that alginate
chains are evenly dispersed within the PAAm network. As a consequence, when a
hybrid gel is stressed above a certain level, the unzipping will lead to damage zones that
are bridged and stabilised by PAAm network strands [1,16,17]. The more ionically
bonded alginate network strands that are unzipped, the more energy is dissipated,
leading to higher toughness. Increase in Ca2+ concentration increases the number of
ionic crosslinks to be broken per unit volume and decrease in MBAA concentration
produces longer PAAm chains that are better able to stabilise unzipped alginate chains.
Similar to DN gel, these two conditions are necessary for obtaining a tough hybrid gel.
But the amount of MBAA used should be controlled above a certain value. As reported
by Suo et al., if the MBAA concentration is too low, the resulting PAAm chains will be
too compliant to provide sufficient support for alginate network [1].
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The toughening mechanism discussed above is also useful to explain the different
shapes of the stress-stretch curves observed for the hybrid gels prepared with various
covalent crosslinking densities. In Figure 4.4 below, it can be seen that the elongation at
break (λb) increased with decreasing MBAA concentration, and the stress-stretch curves
developed yield-like transitions. All of these hybrid gels were prepared with a constant
ionic crosslinking concentration of 2 wt%. Yielding and strain-hardening were most
prominent in hybrid gels prepared with the lowest MBAA concentrations of 0.05 mol%
and 0.01 mol%. When the extension ratio was above 3, the stress of the 0.01mol% gel
decreased slightly, indicating the onset of necking. The necking phenomenon was
clearly observed visually in the tensile test on 0.01mol% gel. As shown in Figure 4.5,
the necked phase appeared as a cloudy and thinner region in contrast to the un-necked
gel which was transparent (a). The cloudy area gradually grew (b) before it engulfed all
un-necked regions (c). Upon the completion of necking, the gel underwent strain
hardening until ultimate rupture occurred. Although necking was not observed visually
for the 0.05 mol% gel, the appearance of its stress-strain curve indicates that the gel was
on the verge of necking. No necking was observed nor did the stress-stretch curves
indicate necking for hybrid gels prepared with higher MBAA crosslinking
concentrations (0.1 mol% and 0.5 mol%).

Necking has been reported for many DN gels in which 1st network is fragmented
into many clusters that are stabilized by the 2nd network matrix. Continued stretching
enables the necked region to grow until it extends throughout the entire sample [18,19].
Recent research suggests that throughout the necking process, the small clusters of 1st
network will further break into smaller fragmentations before strain hardening where all
the polymer strands are oriented along the stretching direction [15,20].
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Similarly in PAAm-alginate hybrid gel, when ionic crosslinks are unzipped, the
crack is bridged by the pull-out of long and flexible PAAm chains. If deformation
continues, the alginate network that remains intact will be fragmented further, resulting
in extension of necked region. Therefore, long and flexible PAAm chains are necessary
for stable necking propagation. This observation can explain why 0.5mol% and 0.1mol%
gel exhibited brittle fracture. The MBAA concentration used to prepare these two gels
was much higher, which increased crosslinking density of PAAm network and
shortened polymer strands. The short PAAm strands were unable to support the
condition for necking and also were easy to break at small strain. As a consequence,
catastrophic failure occurred much earlier than the other two gels synthesized using
lower MBAA concentration.
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Figure 4.4 Dependence of tensile curve shapes of hybrid gels prepared with a constant
Ca2+ ion concentration and with various MBAA concentrations (as marked).
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b)

c)

a) onset of necking at the area close to lower clamp;
b) upward growth of necked zone; unnecked zone was narrowed and whitened
progressively;
c) further growth of necked zone

Figure 4.5 Necking phenomena observed during the extension of 0.01mol% hybrid gel
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4.3.3 Rate dependence of PAAm-alginate hybrid gels

Figure 4.6 Test rates effect on tearing force and fracture energy of hybrid gels.
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Tearing tests were conducted with various crosshead displacement velocities to
investigate rate-dependence of hybrid gels. 0.05mol% gel was chosen as the sample gel
for these studies. As shown clearly in Figure 4.6 the gel underwent a steady tearing
stage at each test rate before the occurrence of ultimate rupture. The dependence of
fracture energy (G) on test rates is shown in Figure 6 b). Very different from the DN gel
whose toughness is almost rate independent [21,22], the hybrid gel in the present work
exhibited a moderate rate dependence. The tested fracture energy increased from 1157
to 1748J/m2 or ~50% as crosshead velocity increased from 1 to 500mm/min. The ratedependent fracture toughness for ionically-crosslinked alginate single network gels has
been reported. The gelation was achieved through the ionic crosslinks of an egg-box
structure where the G blocks on neighboring alginate chains were chelated by Ca2+ ions.
Fracture propagates via the progressive box-opening (unzipping) and pulls out the free
chains against the solvent. The unzipping effect has proved to be thermally activated
and stress-aided. Both plastic unzipping and viscos pulling-out are thought to be “ratestrengthening” mechanism [8,9].
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4.3.4 Stress relaxation

Figure 4.7 Stress relaxation test for ionic-covalent PAAm-alginate hybrid gel
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Figure 4.8 Stress relaxation test for a) non-ionically crosslinked PAAm-alginate gel and
b) covalent PAAm gel. Inset shows stress relaxation during the constant strain hold
period following loading and preceding unloading.

Stress relaxation test was performed on ionic-covalent PAAm-alginate hybrid gel.
0.05mol% gel was used as the sample gel. For comparison, the test was also performed
on the non-ionically crosslinked PAAm-alginate gel and PAAm single network gel. The
former sample had the same chemical composition as 0.05mol% hybrid gel but was
prepared without soaking in Ca2+ ionic crosslinking solution. The latter sample was
prepared identically to the PAAm network in both hybrid and non-ionically crosslinked
PAAm-alginate gel. In the following discussion, the non-ionically crosslinked PAAmalginate is referred to as C-gel to indicate that it contains only covalent crosslinks (in the
PAAm network). The stress-stretch curves of the tests are shown in Figures 4.7 and 4.8
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where the insets illustrate the stress relaxation of each gel as a function of time after the
loading period.

As shown in Figure 4.7 a very fast and substantial stress relaxation occurred in the
0.05mol% hybrid gel after it was loaded to λ=2 and held at this strain for 1h.
Approximately half of the maximum loading stress was relaxed throughout the holding
period. Meanwhile, the relaxation rate was very rapid during the initial 600 seconds. By
contrast, as shown in Figure 4.8, both C-gel and PAAm single network gel showed
typical relaxation behaviours of covalently-crosslinked hydrogels. That is, the stress of
the two gels relaxed only very slightly during the 1h holding period. The hybrid gel and
C-gel studied here were prepared with identical chemical formulation. The main
structural difference between the two samples is that the hybrid gel contained ionically
crosslinked alginate, while the C-gel had uncrosslinked alginate. It should also be noted
here that the C-gel and the PAAm single network gel were tested in their as-synthesized
state and, as such, had much smaller swelling ratios in contrast to the hybrid gel.

For a further demonstration on the effect of ionic crosslinking, another stress
relaxation test with the gel sequentially held in air and then in CaCl2 solution was
performed. Another C-gel sample was first stretched to λ=2 and held in air for 30mins.
As shown as the black solid curve in Figure 4.9, there was no significant stress
relaxation detected. However, as soon as 2wt% CaCl2 was added into the tube to
immerse the sample, the stress started to relax remarkably, which is reflected by the red
dashed curve in Figure 4.9.
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Figure 4.9 Stress relaxation of non-ionically crosslinked PAAm-alginate gel
(abbreviated as C-gel) sequentially held in air (black) and in 2wt% CaCl2 solution.
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A more detailed study on the relaxation behaviour of the hybrid gels was
conducted through relaxation tests on 0.05mol% hybrid gel at three different crosshead
velocities of first-loading. The sample gel was loaded to λ of 2 at 1mm/min, 10mm/min,
and 100mm/min, respectively, and the strain was held for 20min to allow the stress to
relax. As shown in Figure 4.10 a), the gel exhibited rate-dependence during loading that
is similar to as mentioned in the previous section. With increasing crosshead velocities,
the stress needed to achieve a given extension increased suggesting that the level of
crosslinking decreased during loading at low loading rates. Figure 4.10 b) illustrates
how the stress relaxed as a function of time in each of the three tests. It is seen that by
increasing the loading rate the relaxation started from a significantly higher stress and
ended at a slightly lower stress level than for samples tested at the slower loading rates.
The unloading curves after the stress relaxation period (Figure 4.10a) were very similar
regardless of initial loading rate and the different amounts of stress relaxation. This
observation suggests that the networks reached a similar state of crosslinking following
the loading and hold periods.
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Figure 4.10 Stress relaxation tests performed on 0.05mol% hybrid gel with three
different first-loading rates. a) stress-stretch curves and b) stress relaxation with time in
three tests.

CHAPTER FOUR

149

The Maxwell model [23,24] is often used to mathematically describe the stress
relaxation of polymers and is applied here to the hybrid gels. This model takes the form
of a single exponential as shown in equation 4.3 where σ is stress after time t, σ(0) is
initial stress, and τ represents the relaxation time which is defined as the ratio of
viscosity coefficient (η) to elastic modulus E. The larger the value of τ, the more
elasticity the material exhibits and the slower is the rate of stress relaxation.

𝜎(𝑡) = 𝜎(0)𝑒

−𝑡⁄
𝜏

(4.3)

Based on the concept of Maxwell model, a double exponential model in the form
of equation (4.4) was proposed to fit three stress relaxation curves demonstrated in
Figure 4.10 b). In the equation, σo was designed for fitting purpose and was adjusted to
approximately match the experimentally measured stress obtained at the end of the
loading period. σ (t), t, and τ have same physical meanings as in Maxwell model.

σ(t) = σo + A1 e−t/τ1 + A2 e−t/τ2

(4.4)

Equation (4.4) was first fitted to the stress relaxation curve in 10mm/min test to
obtain model parameters. Since τ is considered to be characteristic relaxation time for a
given material in the Maxwell model and the gels used in the three tests were the same,
the fitted τ1 and τ2 from the 10mm/min test were fixed in 1mm/min and 100mm/min
case to obtain other parameters. In the first attempt, the model parameters for three
cases were automatically generated by the software.
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Figure 4.11 The first attempt of double exponential fits to the stress relaxations of the
hybrid gels loaded with three different rates. The dashed lines are measured stress decay
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as a function of time and the green solid lines are double exponential fits. The stress is
plotted against linear time in a) and log time in b) respectively.

Table 4.2 Fitted parameters of double exponential in the first attempt

Parameters

1mm/min

10mm/min

100mm/min

σo

85.8

77.86

73.13

A1

30.15

27.83

24.56

τ1

530

530

530

A2

15.91

34.1

37

τ2

25

25

25

Figure 4.11 a) illustrates the relaxation curve fits in the first attempt. To have a
clearer demonstration on the fitting quality, the stress was re-plotted against log time in
Figure 4.11 b). It is shown that the proposed double exponential model was able to
provide satisfactory fits to the measured stress decay of the hybrid gel after being loaded
to a set strain with three different loading rates. With increasing the first-loading rate,
the values of A1 decreased and A2 increased. The fitted model parameters in the first
attempt are shown in Table 4.2. The only disadvantage of the first fitting attempt is that
the fitted stress relaxation for the sample gel tested at 100mm/min started from a much
lower initial stress compared to the experimental value. In order to refine the fit, the
parameters for 100mm/min including σo, A1, and A2 were adjusted manually while the
parameters fitted for the other two cases remained unchanged. The results are shown in
Figure 4.12. It can be seen that for 100mm/min case the initial stress on the theoretical
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relaxation curve was raised to the same level as on the experimental curve and the
overall agreement between two curves is still acceptable. The fitted model parameters
for three cases are shown in Table 4.3.
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Figure 4.12 The second attempt of double exponential fits to stress relaxation of the
hybrid gels loaded with three different rates. The dashed lines are measured stress decay
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as a function of time and the green solid lines are double exponential fits. The stress is
plotted against linear time in a) and log time in b) respectively.

Table 4.3 Fitted parameters of double exponential in the second attempt

First-loading rate

1mm/min

10mm/min

100mm/min

σo

85.8

77.86

72.1

A1

30.15

27.83

25

τ1

530

530

530

A2

15.91

34.1

78

τ2

25

25

25

Table 4.3 gives fitted parameters for three tests in the second attempt. A1 is
corresponding to τ1 which has a much larger value (530) in contrast to τ2 (25) to which
A2 corresponds. Thus, the stress relaxation of the hybrid gel is described by the
combined role of two processes involving a slow mode represented by A1 and τ1 and a
fast mode represented by A2 and τ2. A1 and A2 are hereby the coefficients that
demonstrate the respective contribution of the slow and fast mode to the overall
relaxation behaviours of the hybrid gel. As shown in Table 4.3, with increase in the
first-loading rate, the values of A1 (slow mode) decreased while A2 (fast mode)
increased. This indicates that in the faster loading test, less relaxation could occur
during the loading process so that during the hold period the stress relaxation was
dominated by the fast mode. When a gel is loaded to the set strain at a faster rate, there
will be less time for the stress to relax during the loading process. Its stress relaxation
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behaviours will be more dependent on the fast mode which is reflected by the increase
in A2.

The attempt of fitting stress relaxation with a single exponential (equation 4.5) was
also made. The parameter τ was fixed at 530 (slow mode) and 25 (fast mode),
respectively to calculate the theoretical relaxation curves for all three cases as shown in
Figure 4.13 a) and b). It is clear that the single exponential cannot provide good fits to
the experimental data. In Figure 4.13 a), the theoretical curve is unable to predict the
sharp stress drop at the initial 50 seconds in all three tests. In Figure 4.13 b), the
calculated stress relaxation curve exhibits a remarkable decline at the initial stage and
reaches to a plateau from 100th second. But the agreement between the measured and
calculated stress is very poor. These results clearly demonstrate that the stress relaxation
of the hybrid gel is contributed by both fast and slow mode. The independent use of
either of the two modes cannot give a satisfactory estimate to the overall relaxation
behaviours of the hybrid gel. Finally, the single exponential was fitted to the
experimental relaxation curve of the hybrid gel loaded with 10mm/min to generate a
new value of τ (242), which gave the optimal agreement between the experimental and
theoretical relaxation curve. The same τ was used for the other two cases and the stress
relaxation fits for all three tests are shown in Figure 4.13 c). The theoretical stress
relaxation curve is again incapable of predicting the substantial stress drop at initial test
stage. This fact further suggests that the stress relaxation of the hybrid gel is distinctive
from the conventional polymer materials and cannot be described by a single
exponential.

σ(t) = σo + Ae−t⁄τ

(4.5)
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Figure 4.13 Single exponential fits to the stress relaxation of the hybrid gels loaded at
three different rates. The relaxation time τ was fixed at 530 in a), 25 in b) and 242 in c).
The dashed lines are experimental stress relaxation with time as marked and the green
solid lines are fitted curves using the single exponential relation.

𝑡

𝑑𝜀

𝜎(𝑡) = ∫−∞ 𝜇(𝑡 − 𝑢) 𝑑𝑢 𝑑𝑢

(4.6)

Boltzmann superposition [23,24] was also applied to the three relaxation tests with
different first-loading rates. Equation (4.6) is the Boltzmann superposition where the
strain is considered to be a continuous process. u is the time variables before t when the
σ is calculated.

𝑑𝜀
𝑑𝑢

is straining rate and μ is stress relaxation modulus. Since all the

hybrid gels were stretched to λ=2 irrespective of the loading rate, μ was calculated as
𝑑𝜀

σ(t) / Δε where σ(t) is shown by equation (4.4) and Δε = 1. Since 𝑑𝑢 = 0 before the
loading started and after the strain was held to measure the stress decay, only the
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loading process contributed to the integral. Table 4.4 shows the calculated loading time
and straining rate in the three tests with different loading rates. If the point when the
loading was stopped is defined as t=0, Equation (4.6) can be re-written into the equation
(4.7) for each of the three tests.

Table 4.4 Loading time and straining rate calculated for each loading velocity

𝑑𝜀

Test

Δε

Loading time

Straining rate (𝑑𝑢)

1mm/min

1

1497s

0.000668/s

10mm/min

1

149.7s

0.00668/s

100mm/min

1

14.97s

0.0668/s

1mm/min:

0

𝜎(𝑡) = ∫−1497(𝜎0 + A1 e

𝑡

−1497

𝜏1

𝜏1

= {0.000668 [𝜎𝑜 (−1497) + 𝐴1 exp (− ) 𝜏1 exp (

10mm/min:

0

𝑡

−149.7

𝜏1

𝜏1

100mm/min:

𝜎(𝑡) =

0
∫−14.97(𝜎0

−

𝑡

−14.97
𝜏1

+ A2 e

−

t
τ2

𝑑𝜀

) 𝑑𝑢 𝑑𝑢

𝑡

−1497

𝜏2

𝜏2

t
τ1

+ A2 e

−

t
τ2

−

t
τ1

𝑑𝜀

𝑡

−149.7

𝜏2

𝜏2

+ A2 e

−

t
τ2

)]} | −14970 (4.7a)

) 𝑑𝑢 𝑑𝑢

) + 𝐴2 exp (− ) 𝜏2 exp (

+ A1 e

𝜏1

= {0.0668 [𝜎𝑜 (−14.97) + 𝐴1 exp (− ) 𝜏1 exp (

t
τ1

) + 𝐴2 exp (− ) 𝜏2 exp (

𝜎(𝑡) = ∫−149.7(𝜎0 + A1 e

= {0.00668 [𝜎𝑜 (−149.7) + 𝐴1 exp (− ) 𝜏1 exp (

−

)]} | −149.70 (4.7b)

𝑑𝜀

) 𝑑𝑢 𝑑𝑢

𝑡

−14.97

𝜏2

𝜏2

) + 𝐴2 exp (− ) 𝜏2 exp (

)]} | −14.970

(4.7c)
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Equation (4.6b) was first fitted to the stress relaxation of the hybrid gel loaded to λ=2 at
10mm/min to determine the five parameters (as shown in Table 4.5). The obtained
parameters were substituted into the equation (4.6a) and (4.6c) to calculate the
theoretical stress relaxation curve in 1mm/min and 100mm/min case, respectively. The
calculated and measured stress relaxation curves are shown in Figure 4.14 below.
Clearly, Boltzmann superposition predicts that the relaxation curve with a faster loading
rate is above the one with a slower rate. This result is contradicting to the experimental
observation where the stress of the hybrid gel loaded at a higher rate decayed to a lower
plateau as shown by the three dashed lines as marked. Figure 4.14 demonstrates that the
relaxation behaviour of the hybrid gel cannot be described by the classic viscoelasticity
theory. It is proposed that when the hybrid gel was stretched at a slower rate, sufficient
time was allowed for more ionic crosslinks to be pulled apart during the loading process.
The stress needed to extend the sample gel to the given strain was lower than in the
faster test. But in the slower test, the breakage of the ionic bonds was accompanied by
the re-formation of new ionic crosslinks elsewhere in the gel network, which may
explain why the stress of the hybrid gel in the test relaxed to a relatively higher plateau
than the gel extended using a faster straining rate.
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Figure 4.14 The disagreement between the stress relaxation predicted by Boltzmann
superposition and the experimental curves as marked.

Table 4.5 The parameters used in Boltzmann superposition to predict the stress
relaxation in the test with different loading rates.

First-loading rate

1mm/min

10mm/min

100mm/min

σo

77.83

77.83

77.83

A1

31.79

31.79

31.79

τ1

533.83

533.83

533.83

A2

196.17

196.17

196.17

τ2

25.85

25.85

25.85
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4.4 Stress Relaxation and Rate Dependence of
Toughness
The experimental results suggest that ionic-covalent PAAm-alginate hybrid gel has
a very distinctive stress relaxation behaviour compared to conventional covalentlycrosslinked hydrogels such as PAAm-alginate hydrogel without ionic crosslinks and
PAAm single network gel. In addition, and in contrast to the DN gels, the hybrid gel in
the present work exhibits rate-dependent toughness. Both of these characteristics are
considered to be associated with the ionic crosslinks in the gel network, as is the
recoverable nature of the load-induced network damage. Investigations have been made
on stress relaxation of ionically-crosslinked and covalently-crosslinked alginate single
network hydrogels. It has been reported that the stress decayed to near zero for alginate
gels crosslinked by Ca2+ ions while the stress of covalently-crosslinked alginate gel
decreased to a plateau value without further decrease. The relaxation mechanism of
ionically-crosslinked alginate has been ascribed to the fracture/re-formation of ionic
crosslinks [11]. This conclusion is echoed in another literature where the network rearrangement due to detachment/re-bonding of ionic crosslinks along the alginate chains
has been suggested as the major mechanism for the stress relaxation of ionically
crosslinked alginate gel [25].

In the present study, it is assumed that the dissociation of ionic bonds is timedependent. When the hybrid gel was stretched at a slow rate such as 1mm/min,
sufficient time was allowed to break ionic bonds during the loading process. The ionic
crosslinking density was thereby reduced. The gel became much softer, and less stress
was needed to deform the gel to the set strain. In the meantime, the fewer ionic bonds
exist, the lower was the toughness, since there were fewer strands to unload and
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dissipate energy. On the contrary, if the gel was stretched at a faster velocity such as
100mm/min, much less ionic bonds were pulled apart because of insufficient time.
Accordingly, the gel became stiffer and the density of short polymer strands also
increased, leading to the higher toughness. In stress relaxation test, as explained above,
when the gel was stretched at a faster rate, higher stress was required to elongate the gel
to the given strain, but the stress needed to hold the sample was relaxed significantly
due to the delayed fracture of ionic bonds. On the other hand, if slower rate was used to
extend the gel, there was more time for the ionic bonds to be broken and lower stress
was needed to stretch the gel. But the breakage of ionic bonds was accompanied by the
re-bonding of new ionic crosslinks in the gel network. This may account for the
experimental observation where the stress of the hybrid gel in the slower test decayed to
a higher plateau than the gel deformed at a faster rate.

4.5 Conclusions
Two series of ionic-covalent PAAm-alginate hybrid gels were prepared with
varying the concentrations of covalent crosslinker (MBAA) and ionic crosslinker (Ca2+)
respectively. Mechanical properties of obtained gels were measured. In the tensile test,
both tensile strength and elongation at break increased with a decrease in MBAA
concentration. The effect of MBAA concentration was found to have a slight effect on
the initial shear modulus of the hybrid gels. In the tearing test, fracture energy increased
with increasing Ca2+ ion concentration and decreasing MBAA concentration. Ca2+
concentration also had a significant influence on the equilibrium swelling ratio of the
hybrid gels while the effect of MBAA concentration was slight.
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The damage process of the hybrid gels were interpreted by a chain scission model
which has been developed for double network hydrogel. The enhancement in
mechanical strength and toughness of hybrid gel is derived from the synergy between a
highly-crosslinked alginate and a loosely-crosslinked PAAm. The rate-dependence of
fracture toughness was found to be existent but not very significant. Stress relaxation
tests were carried out on one hybrid gel, one covalent PAAm-alginate gel, and a PAAm
single network gel. Very large stress relaxation was observed in the hybrid gel in
contrast to the other two covalent gel systems. A double exponential model was used to
mathematically describe the stress relaxation behaviours of the hybrid gels loaded and
held to a set strain at three different velocities. The model consists of a fast and a slow
mode on which the overall relaxation behaviours of the hybrid gel relies. With the
increase in the first loading rate at which the gel is stretched to the set strain, the
contribution from the fast mode increases.

4.6 References
(1)

Sun JY, Zhao XH, Illeperuma WRK, Chaudhuri O, Oh KH, Mooney DJ,

Vlassak JJ and Suo ZG. Nature 2012;489(7414):133-136.
(2)

Grant GT, Morris ER, Rees DA, Smith PJC and Thom D. Febs Letters

1973;32(1):195-198.
(3)

Braccini I and Perez S. Biomacromolecules 2001;2(4):1089-1096.

(4)

Augst AD, Kong HJ and Mooney DJ. Macromolecular Bioscience

2006;6(8):623-633.
(5)

Lee KY and Mooney DJ. Progress in Polymer Science 2012;37(1):106-126.

(6)

Goh CH, Heng PWS and Chan LW. Carbohydrate Polymers 2012;88(1):1-12.

(7)

Drury JL, Dennis RG and Mooney DJ. Biomaterials 2004;25(16):3187-3199.

(8)

Baumberger T and Ronsin O. Journal of Chemical Physics 2009;130(6):061102.

(9)

Baumberger T and Ronsin O. Biomacromolecules 2010;11(6):1571-1578.

CHAPTER FOUR

164

(10)

Kong HJ, Wong E and Mooney DJ. Macromolecules 2003;36(12):4582-4588.

(11)

Zhao XH, Huebsch N, Mooney DJ and Suo ZG. Journal of Applied Physics

2010;107(6).
(12)

Brown HR. Macromolecules 2007;40(10):3815-3818.

(13)

Tanaka Y. Europhysics Letters 2007;78(5):56005.

(14)

Naficy S, Kawakami S, Sadegholvaad S, Wakisaka M and Spinks GM. Journal

of Applied Polymer Science 2013;130(4):2504-2513.
(15)

Gong JP. Soft Matter 2010;6(12):2583-2590.

(16)

Yang CH, Wang MX, Haider H, Yang JH, Sun JY, Chen YM, Zhou JX and Suo

ZG. Acs Applied Materials & Interfaces 2013;5(21):10418-10422.
(17)

Li JY, Illeperuma WBK, Suo ZG and Vlassak JJ. Acs Macro Letters

2014;3(6):520-523.
(18)

Na Y-H, Tanaka Y, Kawauchi Y, Furukawa H, Sumiyoshi T, Gong JP and

Osada Y. Macromolecules 2006;39(14):4641-4645.
(19)

Tanaka Y, Kawauchi Y, Kurokawa T, Furukawa H, Okajima T and Gong JP.

Macromolecular Rapid Communications 2008;29(18):1514-1520.
(20)

Nakajima T, Kurokawa T, Ahmed S, Wu WL and Gong JP. Soft Matter

2013;9(6):1955-1966.
(21)

Tanaka Y, Kuwabara R, Na Y-H, Kurokawa T, Gong JP and Osada Y. Journal

of Physical Chemistry B 2005;109(23):11559-11562.
(22)

Webber RE, Creton C, Brown HR and Gong JP. Macromolecules

2007;40(8):2919-2927.
(23)

Rubinstein M and Colby RH Polymer Physics; Oxford University Press: Oxford,

U.K., 2006.
(24)

Bueche FJ Physical Properties of Polymers; Wiley Interscience: New York,

1962.
(25)

Gentile

G,

Greco

2013;49(12):3929-3936.

F

and

Larobina

D.

European

Polymer

Journal

CHAPTER FIVE

165

Chapter FIVE
Mechanical Recoverability and
Damage Process of Ionic-Covalent PAAmAlginate Hybrid Hydrogels
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5.1 Introduction
In the previous chapter, two sets of PAAm-alginate hybrid gels were prepared with
varying ionic and covalent crosslinker concentrations. It was found that the high
toughness of the hybrid gel was obtained when the alginate network was tightlycrosslinked while the PAAm network was loosely-crosslinked. The toughening
mechanism was explained by a similar model to that used for the DN system consisting
of two covalently-crosslinked networks. Suo et al., have reported that the most
important feature of the PAAm-alginate hybrid gel is the recoverability of mechanical
properties due to re-formation of unzipped ionic bonds [1]. The pronounced hysteresis
between the first loading and unloading curve is retrieved in the subsequent load/unload
cycles to varying degrees as a function of recovery time and temperature. This feature
makes the hybrid gel distinct from the conventional DN gel where the large toughness is
derived from irreversible scission of the sacrificial bonds. Based on the so-called “eggbox” model [2,3], the large toughness and recoverability of the hybrid gel has been
attributed to the unzipping effect and re-formation of physical crosslinks where the G
groups on two alginate chains are connected by Ca2+ ions. A number of literature
reports [4-10] have studied the effect of Ca2+ induced physical crosslinks on the
mechanical properties of single network alginate gels.

In the present work, sequential load/unload tests were performed on the ioniccovalent PAAm-alginate hybrid gel to investigate its mechanical recoverability. The
hybrid gel prepared with the optimized synthesis conditions was used as the model gel.
Three series of load/unload tests were sequentially performed on the virgin gel, and the
gel after a 1st and 2nd recovery process. Each series consisted of four load/unload cycles
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with increased maximum extension ratio (λmax). Such a strategy proved to be useful to
obtain continuous information on the damage process of hydrogels [11,12].

Wang and Hong [13] have proposed a model that quantitatively demonstrates the
damage mechanism occurring during extension of a DN gel. The W-H model utilised
Gent’s description of the limited extensibility of rubber networks. Assuming a lognormal distribution for the strand length of a DN gel, Wang and Hong developed a
model for the loading and unloading stress-extension curves for a single DN gel. The
model was successfully applied in Chapter 3 to a wider range of DN gels. The
agreement between the calculated and experimental load/unload stress was satisfactory
and the process provided a means for estimating the strand length distribution of the
tight covalent network. In this Chapter, the W-H model has been used to in an attempt
to quantify the recoverability and damage process occurring in the hybrid gel system.
The model was used here to fit the load/unload results for the tested hybrid gel in three
series of tests. The model parameters were considered to be the indications of network
topologies to give information about strand length distribution in the hybrid gel network.
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5.2 Experimental
5.21 Materials
40wt% aqueous acrylamide (Sigma-Aldrich) solution was used to prepare
covalently crosslinked PAAm network. The radical initiator and covalent crosslinking
agent for polymerization of AAm was potassium persulfate (KPS; Sigma-Aldrich) and
N,N’-methylenebisacrylamide (MBAA; Sigma-Aldrich), respectively. Sodium alginate
from brown algae (Alg; Sigma-Aldrich) was used to prepare the ionically crosslinked
network. Calcium chloride (CaCl2; Sigma-Aldrich) was used as the ionic crosslinker.
All solutions were prepared with deionized water and chemical reagents were used as
received.

5.22 Hydrogel preparation
The model gel used in the present study was ionic-covalent PAAm-alginate hybrid
gel prepared with a covalent crosslinker concentration at 0.05mol%. In detail, 0.1mol%
KPS and 0.05mol% MBAA were dissolved in 40wt% aqueous AAm solution. The
concentration of KPS and MBAA was with respect to the molar concentration of AAm.
1.33g alginate was dissolved into 22g deionized water to make alginate solution. Both
solutions were then mixed together to produce the final polymerization solution with
12wt% AAm and 4wt% alginate. Nitrogen was used to bubble the solution for 40mins
before it was degassed in a vacuum environment for 2h to remove dissolved oxygen.
The gel solution was then transferred into a glass reaction mould consisting of a 2mm
thick silicone rubber spacer sandwiched by two glass plates, and the mould was placed
in a 60oC fanned oven for 6h to finalize the polymerization. The obtained covalentlycrosslinked gel was immersed in 2wt% CaCl2 solution for 5 days to ionically crosslink
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the alginate. Before any mechanical test was conducted, the hybrid gels were soaked in
deionized water for a few days to reach the swelling equilibrium.

5.23 Three series load/unload test
The test was carried out on an EZ-S mechanical tester (Shimadzu, Japan). A
dogbone shaped sample was used with gauge length of 12mm and width of 2mm. Strain
was determined by grip displacement with crosshead rate at 10mm/min, and the
extension ratio (λ) was calculated as the ratio of present sample length to its original
length. Standard rubber elasticity theory shown in equation (5.1) was fitted to
engineering stress (σ) and extension ratio (λ) to a maximum extension of 1.3 to calculate
shear modulus (μ).

1

σ = μ(λ − λ2 )

(5.1)

The whole test procedure comprised of three series of load/unload test sequentially
performed on the virgin gel, and the damaged gel after a 1st recovery and a 2nd recovery
process. Each series was composed of four load/unload cycles with sequentially
increased maximum extension ratio (λmax). The sequence of λmax in each series was
consistent hence the gel underwent identical deformation history in each series. In one
load/unload cycle, the sample gel was first stretched to a set strain and then relaxed to
zero stress. The subsequent cycle with a larger λmax was performed immediately.

5.24 Gel recovery
After 1st and 2nd load/unload series, the damaged gel was allowed to recover. The
gel was wrapped with polyethylene film and soaked in silicone oil. It was then placed in
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a 60oC fanned oven for 1h to recover the test-induced damage. Gradual accumulation of
water loss was observed throughout the recovery procedure. Therefore, the gel before
the next mechanical test was re-immersed in excess deionized water, and its mass was
measured periodically until the swelling ratio returned to the same level of the virgin
state. The gel was then wrapped with polyethylene film and immersed in silicon oil for
1h in order for the just-absorbed water to evenly distribute within the gel network. The
mass and dimension of the tested gel were carefully measured at each step throughout
the whole procedure to ensure there was not significant dehydration which could affect
the test results.
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5.3. Results and Discussion

Figure 5.1 Three series of load/unload tests sequentially performed on intact gel and the
gel after 1st and 2nd recovery. The global maximum extension ratio was 2.0 and 3.5 in a)
and b), respectively.
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Figure 5.1 demonstrates the stress-stretch curves for the three series of load/unload
tests performed on the PAAm-alginate hybrid gel prepared with MBAA concentration
at 0.05mol%. Each series comprised four load/unload cycles. λmax was successively 1.25,
1.5, 1.75 and 2 in test a) and 1.8, 2.5, 3, and 3.5 in test b). All the stresses and extension
ratios in each of the three series were calculated with respect to the original dimensions
of the virgin gel. After the initial series was complete, a 1mm and 3mm permanent
strain was seen on the sample gel in test a) and b), respectively and maintained in the
subsequent tests, hence the first-loading curve in the following two series started from
1.08 in a) and 1.25 in b). As described in the experimental section, to ensure the gel
tested in the three series possessed the same swelling ratio, before each imminent
mechanical test, the gel was re-immersed in deionized water for a particular period of
time until the mass returned to the same level of the virgin gel. Meanwhile, the length,
width, and thickness of the gauge (the real stretched area) were measured before each
series to guarantee there was not significant volumetric change in the gauge area due to
dehydration. Tables 5.1 and 5.2 indicate the gauge dimensions and total gel mass
measured at each stage in test a) and b). It should be noticed in Table 5.1 that a slight
volume decrease of the gauge area was seen for the sample gel before the 2nd and 3rd
load/unload series in both test a) and b). The tested sample gel was dumbbell shaped,
and only the gauge area was stretched during the mechanical test. The two ends of the
sample were firmly clamped by the crosshead, and therefore, the polymer network of
the clamped area was compressed and likely damaged. Although the total weight of the
sample gel returned to the same level of the virgin state by re-swelling, a slight
proportion of the water was considered to be absorbed by the clamped area, which
accounted for the slight volumetric decrease in the gauge area.
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Table 5.1 The gauge dimensions measured before each load/unload series.

Test a)

Before 1st series

Before 2nd series

Before 3rd series

Width

2.32mm

2.13mm

2.06mm

Thickness

1.86mm

1.81mm

1.80mm

Cross-sectional area

4.32mm2

3.86mm2

3.71mm2

Length

12mm

13mm

13mm

Volume

51.78mm3

50.12mm3

48.23mm3

Test b)

Before 1st series

Before 2nd series

Before 3rd series

Width

2.28mm

1.74mm

1.75mm

Thickness

1.81mm

1.58mm

1.54mm

Cross-sectional area

4.13mm2

2.75mm2

2.70mm2

Length

12mm

15mm

15mm

Volume

49.52mm3

41.25mm3

40.5mm3
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Table 5.2 The mass of the sample gel measured at each stage during the whole test
procedure. Ultimate mass was measured after the gel undergoing the 3rd load/unload
series was re-swollen in deionized water to reach new equilibrium. The water was then
dried out to measure the polymer mass as shown in the table.
Test a)
Virgin
gel

After 1st
test

After 1st
recovery

Before
2nd test

After 2nd
test

After 2nd
recovery

Before
3rd test

After 3rd
test

Ultimate

0.2662g

0.2549g

0.2457g

0.2700g

0.2614g

0.2544g

0.2678g

0.2578g

0.3610g

0.0295g

Virgin
gel

After 1st
test

After 1st
recovery

Before
2nd test

After 2nd
test

After 2nd
recovery

Before
3rd test

After 3rd
test

Ultimate

Dry
polymer

0.2715g

0.2215g

0.2207g

0.2765g

0.2337g

0.2220g

0.2728g

0.2334g

0.3866g

Mass

Dry
polymer

Test b)
mass

0.0287g

From the test results, it is obvious that the hybrid gel exhibits different load/unload
behaviours in contrast to PNVP-PAAc DN gel as reported in previous chapters. Most
significantly, the reloading stress in the subsequent cycle exceeds the unloading stress in
the former cycle. In DN gels the reloading curve always follows the previous unloading
curve. The different behavior in the hybrid gels suggests the re-formation of fractured
ionic bonds during the previous unloading process. More importantly, the hysteresis and
shear modulus in the initial series is partly retrieved in the following two series. Suo et
al. [1] have reported that PAAm-alginate gel ionically crosslinked by Ca2+ ions shows
pronounced hysteresis between first loading and unloading curve, and both hysteresis
and initial stiffness can recover significantly if sufficient recovery duration is allowed. It
is proposed that the mechanical recoverability is due to the re-formation of fractured
ionic bonds forming the crosslinks between two alginate chains.
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Another interesting phenomenon is that the mechanical properties are fully
recovered from the 2nd to the 3rd series. It is clearly shown in Figure 5.1 a) and b) that
the 3rd series reproduce closely the load/unload curves in the 2nd series. But the
mechanical performance in the 1st series is only partially reversible. Both shear modulus
and hysteresis in the 1st series noticeably deteriorate in the following tests. Presumably,
the first-loading of the initial series introduces some irreversible network reconstruction such as disentanglement of entrapped polymer strands, which absorbs a
large amount of energy. Such a process will not occur in the following tests, reflected
by the much reduced hysteresis. As shown in Table 5.2, the damaged gels following the
3rd series were re-swollen in deionized water for 7 days to reach a new equilibrium. The
swelling ratio of the damaged gel at the new equilibrium was found to be much bigger
than that of the virgin gel that was also swollen to equilibrium. Furthermore, the gauge
length of the re-swollen gel was longer than that of the virgin gel. These results suggest
a reduced strand density in the stretching direction caused by loading. Whether or not
they evidence the breakage of covalent bonds or suggest the re-arrangement of polymer
strands due to disentanglement after first-loading still remains to be determined. Future
work is needed to address these issues.

It has been revealed in Chapter 4 that PAAm-alginate hybrid gels show necking
during uniaxial stretching if prepared with a covalent crosslinker concentration at
0.01mol%. Three series load/unload tests were also carried out on this gel. The test and
recovery procedure was identical as used in the two tests described above for the gel
prepared with 0.05mol% covalent crosslinker. As before, the gel was re-soaked in
deionized water to retrieve its virgin swelling ratio before conducting the 2nd and 3rd
load/unload series. Here, for simplicity, each series only consisted of one stretch-relax
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cycle in which the gel was extended to λmax= 4 to ensure the occurrence of necking
during the initial loading. Figure 5.2 illustrates the stress-stretch curves of the simplified
load/unload tests performed on the 0.01mol% gel. Table 5.3 and 5.4 shows the
dimensions of the gauge area and the total mass of the sample gel measured at different
stages in the test.

The stress-stretch curve of the 1st series demonstrates a necking mechanism where
the stress tends to plateau before it decreases slightly. Necking was visually observed
for this 0.01mol% gel during the test as a cloudy and narrowed region which grew
gradually until it propagated throughout the entire sample. However, the gel in the
subsequent two series did not re-neck. The pronounced hysteresis and initial shear
modulus in the 1st series are partly recovered in the 2nd series, and mechanical properties
only become fully reversible between the 2nd and 3rd series. These test results again
suggest that the loading process in the initial loading may trigger irreversible network
re-construction which dissipates a large amount of energy and would not occur in the
subsequent tests. Thus, the mechanical properties of PAAm-alginate hybrid gel are not
fully reversible until the network is re-constructed. Irreversible chain disentanglement is
speculated as one possible mechanism accounting for the network re-construction.
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Figure 5.2 Stress-stretch curves of three series load/unload test performed on 0.01mol%
gel with initiated necking in the 1st series.

CHAPTER FIVE

178

Table 5.3 The gauge dimensions measured before each load/unload series.

Before 1st series

Before 2nd series

Before 3rd series

width

2.1mm

1.64mm

1.64mm

thickness

1.21mm

1.16mm

1.13mm

Cross-sectional area

2.54mm2

1.90mm2

1.85mm2

length

12mm

16mm

16mm

Volume

30.49mm

3

30.44mm

3

29.65mm3

Table 5.4 The mass of the sample gel measured during the test procedure

Virgin
gel

After 1st
test

After 1st
recovery

Before
2nd test

After 2nd
test

After 2nd
recovery

Before
3rd test

After 3rd
test

Ultimate

0.1881g

0.1601g

0.1580g

0.1894g

0.1766g

0.1663g

0.1920g

0.1782g

0.3600g

1

mass

Dry
polymer

0.020g

A more quantitative analysis on load/unload test results was made by using the
Gent and W-H mechanical models. Literature reports have suggested that a considerable
number of strands in the tight network are already broken within the pre-yielding region
for DN gels [12,14]. Yielding occurs at an extension ratio ~3 for the hybrid gel shown
in Figure 5.2. Thus, the three load/unload series test with maximum extension ratio at 2
(shown in Figure 5.1 a)) was of the most interest in the present work. Standard rubber
elasticity theory (equation 5.1) was fitted to the initial strain of each loading and
unloading curve to determine the shear modulus of the gel during loading (μL) and
during unloading (μU). The Gent model [15] (equation 5.2) was fitted to the unloading
curves in each of the three series and to obtain the maximum extensibility parameter Jm.
Both μ and Jm are indicators of the network topology of the tight network in the hybrid
gel.
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(5.2)

Jm

Where J1 is first stretch invariant in the form of

J1 = λ2 + 2λ−1 − 3

(5.3)

and Jm is maximum network extensibility which is considered to be related to the
contour length of the shortest elastic-active chains in the tight ionically-crosslinked
alginate network.

CHAPTER FIVE

180

Figure 5.3 Gent model fits to the unloading curves for each load/unload series. Red
solid curves are measured load/unload stress while the blue dashed lines are Gent model
fits of unloading stress.
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Figure 5.3 demonstrates a good agreement between measured unloading stress and
Gent model fits in each series of load/unload tests. The two model parameters μU and Jm
evolving with increasing historic maximum deformation (λmax) are shown in Figure 5.4
a) and b), respectively. Clearly, μU monotonically decreases with λmax while Jm shows a
linear increase with J1max. In the Gent model, μU represents the density of network
strands and Jm is associated with the contour length of the shortest strands. Chapter 4
has provided a general description of the fracture mechanism of the hybrid gel where
multiple network strand breakages occur in the highly-crosslinked alginate (tight
network) and are stabilised by the sparsely-crosslinked flexible PAAm network (loose
network). Thus, the variations of the two Gent model parameters indicate a damage
process for the hybrid gel. When the gel is deformed above its historic maximum
extension, the shortest alginate strands are fully-stretched, pulling apart the weak ionic
crosslinks where Ca2+ ions connects two alginate chains. As a result, the density of the
crosslinked alginate strands is reduced, leading to the gradual decrease of μU. At the
same time, the length of the alginate strands in the remaining network becomes longer,
which is reflected by the increase of Jm. The presence of PAAm chains allows the
accumulation of microscopic damages in the alginate network, avoiding the occurrence
of gross fracture.
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Figure 5.4 Gent model parameter fits giving a) unloading shear modulus (μU) and b)
maximum extensibility (Jm) varying with historic deformation maximum in three
load/unload series tests.
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Table 5.5 The evolution of network topology of the hybrid gel, described by the loading
and unloading shear modulus and Jm in sequential load/unload cycles characterized by
λmax.
1st series
λmax

μ (loading)

μ (unloading)

Jm

1.25

40.96

27.14

0.28

1.5

35.94

16.94

0.73

1.75

27.38

11.4

1.38

2

16.67

9.37

1.90

λmax

μ (loading)

μ (unloading)

Jm

1.25

26.10

20.65

0.23

1.5

25.25

15.50

0.67

1.75

21.15

11.43

1.22

2

19.43

9.24

1.94

2nd series

3rd series
λmax

μ (loading)

μ (unloading)

1.25

23.03

18.42

0.23

1.5

22.71

13.48

0.65

1.75

18.54

9.99

1.19

2

15.49

8.2

1.90

Jm

Table 5.5 lists the variation of μL, μU and Jm in sequential load/unload cycles for
each test series. In addition to illustrating a damage process, the parameters also
demonstrate the recoverability of mechanical properties of the hybrid gel. For instance,
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in each series, the shear modulus of the reloading curve in the subsequent cycle is
always larger than that of the previous unloading curve, indicating the recovery of
network strand density. Second, the network topology of the hybrid gel is shown to be
fully-retrieved in the 3rd series compared with the 2nd series. This is evidenced by the
similar μU and almost identical Jm fitted for the unloading curve of the same λmax
between the two series.

Wang and Hong have assumed the strand length distribution of the 1st formed
(tight) network in a DN gel to be a log-normal distribution. Two damage variables: η
and Jm have been proposed as a function of historic deformation maximum (λmax) to
describe the fracture mechanism of the DN gel. η represents the stiffness of the
damaged gel respective to that of the virgin gel (thus, η≤1) while Jm has the similar
meaning to the Gent model, characterizing the maximum extensibility of the damaged
gel. The model was adapted to fit experimental η and Jm to determine the model
parameters: λo, d, Jo, α, and ηo in each series of load/unload tests. Load/unload curves
were then plotted using these parameters and compared with the experimentally
measured curves.

The estimation of η given by the W-H model is shown in equation (5.4) where d is
the width of the strand length distribution, λo is the median of the distribution, and ηo is
a normalization parameter. In the W-H model, the physical meaning of 1-ηo represents
the ratio between the stiffness of the fully-damaged DN gel and that of the virgin gel. In
the present work, the value of ηo was fixed at 0.9 when applying the model to the 1st
series, and the same value has been also used in Chapter 3 and in Hong and Gong’s
work [12,13]. The initial load/unload series was conducted on the gel in its virgin state.
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Hence, the theoretical η is considered to change from unity. The shear modulus of each
unloading curve determined from the Gent model was divided by the initial shear
modulus of the virgin gel to obtain serial experimental η. The η fits are illustrated in
Figure 5.5 where the blue dashed lines are fitted η(λmax) and red squares are
experimental η. For clarity, in the following texts, η(λmax) in the 1st, 2nd, and 3rd series
are denoted as η1(λmax), η2(λmax) and η3 (λmax), respectively.

η(λmax ) = 1 −

ηo
2

[erf (

1

√2d

ln

λmax −1
λo −1

) + 1]

(5.4)

Figure 5.5 η fits applying original W-H model to the 1st load/unload series.

After the hybrid gel underwent the 1st load/unload series, a 1mm permanent strain
(εp) was observed and it was maintained in the following mechanical tests. Since all the
λ and stresses in the three series of load/unload tests were calculated with respect to the
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virgin gel dimensions, the first-loading curve in the 2nd and 3rd series should start from
an extension ratio of 1+εp. In the present work, εp = 0.08. Meanwhile, the initial shear
modulus of the virgin gel was not fully recovered in the subsequent series. As a result,
instead of unity, η2 (λmax) should evolve from

μ2
μ1

and η3 (λmax) from

μ3
μ1

where μ2 and μ3

are initial shear moduli at the beginning of the 2nd and 3rd series, respectively, and μ1 is
μ

the initial shear modulus of the virgin gel. ηo also needs to be re-calculated as μ2 − 0.1
1

μ

for the 2nd series and μ3 − 0.1 for 3rd series. Equation (5.4) is thereby modified into
1

equation (5.5) and (5.6) to fit experimental η in the 2nd and 3rd series, respectively.

−

ηo

η3 (λmax ) = μ3 −

ηo

η2 (λmax ) =

μ2
μ1

μ

1

2

2

[erf (

1

[erf (

1

√2d

√2d

ln

ln

λmax −1−εp
λo −1−εp

λmax −1−εp
λo −1−εp

) + 1]

(5.5)

) + 1]

(5.6)
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Figure 5.5 and 5.6 clearly show that η1 (λmax), η2 (λmax) and η3 (λmax) are able to
provide agreeable fits to the experimental data. The calculated η monotonically
decreases with λmax, suggesting that in all three load/unload series, the hybrid gel was
softening when it was deformed above its historic maximum extension. Wang and Hong
have assumed the stretching limit of the damaged gel Jm to be a linear function with
J1max as shown by equation (5.7) where the first strain invariant J1max is calculated in
terms of λmax using equation (5.8). Gent model fits of Jm for the unloading curves were
used as experimental Jm. Equations (5.7) and (5.8) were fitted to the experimental Jm
obtained from the 1st series to generate two model parameters: Jo and α. Since the
sample gel showed a permanent strain after the 1st series, the original J1max (λmax) should
be re-written into equation (5.9) for the 2nd and 3rd series. By using the modified J1max
(λmax), experimental Jm in the subsequent two series were fitted, and Jo and α were
obtained. Figure 5.7 demonstrates the Jm fits using the original and modified W-H
model for the 1st and the subsequent two series, respectively. The red squares denote
experimental Jm obtained from Gent model while the blue dashed lines are fitted Jm
(J1max) for the three series of test. As predicted by the W-H model, a linear increase of
Jm with J1max is observed. It should be noted here that the permanent strain appeared in
the last unloading curve of the 1st series so the related J1max also needs to be evaluated
using equation (5.9) to give a more accurate Jm fits for the series.

Jm = Jo + αJ1max

(5.7)

J1max = λmax 2 + 2λmax −1 − 3

(5.8)

J1max = (λmax − εp )2 + 2(λmax − εp )−1 − 3

(5.9)
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Figure 5.7 W-H Jm fits for three series of load/unload tests as marked.

Table 5.6 Parameters fits of W-H model for three series of load/unload test.

λo

d

Jo

α

ηo

1st series

1.35

0.96

0.11

1.08

0.9

2nd series

1.48

1.20

0.25

1.01

0.54

3rd series

1.47

1.19

0.24

1.00

0.46

When four model parameters were obtained (Table 5.6), they were used to estimate
the load/unload stress curves for each of the three series. Two equations provided in the
original W-H model were written in terms of λ and used to calculate the unloading and
loading stress in the 1st series, respectively. If λ did not exceed the historic maximum (λ
≤λmax), equation (5.10) was used to calculate the unloading or subsequent reloading
stress. If the deformation exceeding the historic maximum, the loading stress was
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calculated with equation (5.11) on the basis of the present λ to which the sample was
stretched. The modified η (λmax) and J1max (λmax) as introduced above were substituted
into the two equations to calculate the load/unload stress for 2nd and 3rd series.

1st series unloading
σ = μ1 η1 (λmax )(λ − λ−2 )/[1 −

(λ2 +2λ−1 −3)
Jo +α(λmax 2 +2λmax −1 −3)

]

(5.10)

1st series loading

σ = μ1 η1 (λ)(λ − λ−2 )/[1 − J

(λ2 +2λ−1 −3)

o +α(λ

]

(5.11)

2 +2λ−1 −3)

2nd and 3rd series unloading
−2

σ = μ1 η(λmax ) [(λ − εp ) − (λ − εp ) ] / {1 − J

(λ−εp )2 +2(λ−εp )−1 −3

}

2
−1
o +α[(λmax −εp ) +2(λmax −εp ) −3]

(5.12)

Where η (λmax) = η2 (λmax) for 2nd series (equation 5.5) and η (λmax) = η3 (λmax) for 3rd series
(equation 5.6)

2nd and 3rd series loading

σ = μ1 η(λ)[(λ − εp ) − (λ − εp )−2 ]/ {1 − J

(λ−εp )2 +2(λ−εp )−1 −3
o +α[(λ−εp )

2 +2(λ−ε

p)

}

−1 −3]

(5.13)

Where η (λ) = η2 (λ) for 2nd series and η (λ) = η3 (λ) for 3rd series using the present λ into
equation (5.5) and (5.6)
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Figure 5.8 Estimate of load/unload stress using fitted W-H model parameters.

In Figure 5.8, the red solid lines are measured load/unload stress and the blue
dashed lines are W-H fits. It is clear that the model is capable of providing very accurate
predictions on the entire load/unload stress for each series. In Chapter 3, the W-H model
was applied to a wide range of DN systems and was found to give reasonable fits to the
experimental results. But all the load/unload results were obtained by performing the
test on the virgin DN gel. In the present study, after the initial mechanical test, two
subsequent series of load/unload tests were carried out on the same PAAm-alginate
hybrid gel sample after undergoing the recovery process. The model gives very good
agreements to experimental η, Jm , and load/unload stress for both the virgin and
recovered hybrid gel. The W-H model is proposed to describe the chain scission process
during loading of a DN gel assuming that the probability of 1st network strands scission
follows a log-normal distribution in terms of λ. Gent model fits suggest that the shortest
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alginate strands in the hybrid network are always fully-extended first to the contour
length and lead to the unzipping of the ionic crosslinks. Therefore, the W-H model
parameters give the probability distribution of chain scission and can be regarded as a
description of the strand length or molecular weight distribution for the alginate strands.
Equation (5.14) and (5.15) are the re-written log-normal probability density function
(PDF) in terms of λ that can be used to calculate the alginate chain scission probability
for the 1st series (5.14) and 2nd and 3rd series (5.15).

P(𝜆𝐷𝑁 ) =

P(𝜆𝐷𝑁 ) =

1
1 ln(λ−1)−ln(𝜆𝑜 −1) 2
exp
{
−
[
] }
(λ−1)𝑑√2𝜋
2
𝑑

1
(λ−1−𝜀𝑝 )𝑑√2𝜋

1 ln(λ−1−𝜀𝑝 )−ln(𝜆𝑜 −1−𝜀𝑝 )
]
𝑑

exp { − 2 [

(5.14)

2

}

(5.15)
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Figure 5.9 Probability density function of alginate strand scission obtained from each of
the three load/unload series.

Figure 5.9 illustrates the probability density distribution of the strand scission for
the alginate network obtained from the three load/unload series and as a function of λ.
W-H model parameters listed in Table 5.6 were substituted into equation (5.14) to
calculate the PDF curve for the 1st series and equation (5.15) for the following two
series. As λo and d fitted for the 2nd and 3rd series are very similar, the calculated curves
for these two series appear to be consistent. The integration area below a PDF curve is
unity before any normalization. Figure 5.9 thereby suggests that the tested hybrid gel in
the 2nd and 3rd series possesses the same fraction of the alginate strands at each strand
length. Also, it can be seen that there are a higher proportion of shorter strands in the
virgin gel.
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5.4 Conclusions
In this chapter, ionic-covalent PAAm-alginate gels were prepared with a covalent
crosslinker concentration of either 0.05mol% or 0.01mol%. Three series of load/unload
tests were sequentially carried out on the virgin gel and the gel after two recovery
periods at zero stress. It was found that the mechanical properties of the tested gels were
only fully reversible between the 2nd and 3rd series. Only partial recovery of mechanical
properties was evident between the 1st and 2nd testing series. Both the size of the
hysteresis and the initial shear modulus significantly deteriorated from the 1st to the 2nd
series, for which the irreversible gel network re-construction initiated by the first
loading was considered to be the major cause.

Unloading curves of each series were modelled by the Gent model. The calculated
unloading stress agreed with the experimental curves very well. The variations of
unloading shear modulus and the maximum extensibility parameter as a function of
maximum extension demonstrate a damage process for the hybrid gel where the shortest
alginate strands were stretched in full until the weak ionic crosslinks were pulled apart.
This damage process leads to the decrease of strand density and increase of the length of
remaining network strands.

The mechanical model proposed by Wang and Hong was evaluated for the
prediction of the damage process during loading of the hybrid gels. The model was
found to accurately estimate the load/unload stress for each series. Mechanical
reversibility between the 2nd and 3rd series was evidenced by the fitted model parameters
which were taken as the description of the gel network topologies. Those parameters
were then used to plot a probability distribution of alginate strand scission, which also
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indicated the strand length distribution of the alginate network. The virgin gel showed a
higher fraction of shorter alginate strands than remained after the initial loading.
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6.1 Summary and Conclusions
The present thesis focuses on the toughening mechanisms of hydrogels. The
toughness of a material represents its ability to hinder crack propagation and can be
quantitatively described by the material’s fracture energy which accounts for the
amount of energy dissipated when the crack propagates over a unit area. Toughness
enhancement is achieved if appropriate mechanisms can be created to increase the
energy consumption during the crack progress [1-4]. This principle not only applies to
hydrogels and polymers but to all materials, including metals and ceramics. The wellknown dislocation motion in crystalline and process zone mechanisms have been
extensively studied as mechanisms that increase energy dissipation when metals and
ceramics are deformed [5-7].

The various approaches utilised to toughen different materials can be roughly
placed into two major categories: intrinsic process and extrinsic process. The former
process is related to the micro or nano-structure of particular materials which leads to
energy dissipation ahead of the crack tip via the formation of a process zone. Extrinsic
processes occurs behind the crack to reduce the localisation of stress and strain ahead of
the crack tip [5]. Some toughening mechanisms such as crack bridging by reinforcement
fibres can be considered a type of extrinsic toughening mechanism [6,7].

From the points of view mentioned above, Zhao [8] recently has reviewed a wide
range of tough hydrogels and suggested that the fracture energy of a hydrogel is closelyrelated to both intrinsic and extrinsic process. A hydrogel’s intrinsic fracture energy
results from the chain scission around the tip of a crack, while the extrinsic fracture
energy is usually brought about by the dissipation of other forms of mechanical energy
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in the process zone (ahead of the crack tip) or in the bridging zone (behind the crack tip).
The present PhD study investigates the effect of network topologies on the toughness of
hydrogels and thereby emphasizes the correlation between the molecular structure of the
sample gels and their toughness. Double network hydrogel (DN gel) [9] and ioniccovalent PAAm-alginate hydrogel [10] (abbreviated as “hybrid gel’ in the following
text) have been chosen as the research subjects, since both systems demonstrate
remarkable enhancement in fracture toughness with respect to the conventional
covalently-crosslinked single network hydrogels. The major research findings suggest
that the energy dissipation from polymer chains and ionic bonds scission plays an
essential role in toughening the DN system and the hybrid gel system, respectively.
Thus, the present PhD thesis provides further evidence of the impact of intrinsic process
on the toughness of hydrogels, and supports the current theories in fracture mechanics
for a wider range of materials. The detailed research findings are introduced below.

For each of these two hydrogel systems, the effects of network topologies on the
fracture toughness were investigated. By applying relevant fracture models and theories
to the load/unload test results, a more detailed toughening mechanism was obtained for
the DN and hybrid hydrogels.

It has been suggested that the toughness of DN gel originates from the energy
dissipation by the scission of the 1st network strands [11,12]. Chapters 2 and 3 focus on
the influence of the 1st network topologies on fracture energy of the overall DN system.
The 1st network topology was systematically adjusted by varying crosslinker and
monomer concentrations. It has been found that the DN gels were toughened by
increasing the crosslinker or monomer concentration used to prepare the 1st network.
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The average strand density and strand length for each 1st network at DN equilibrium
were calculated, and the Lake-Thomas theory was applied to estimate the fracture
energy for each of the 1st networks at DN equilibrium. Increasing the monomer or
crosslinker concentration to prepare the 1st network was able to provide higher carboncarbon bond density across the crack path, whose dissociation energy was dissipated
and therefore increased the toughness of DN system. A linear correlation between the
calculated 1st network toughness and measured DN toughness was found with an
amplification factor K around 150. The factor indicates the role played by the 2nd
network which provided stabilization to the scission of 1st network strands so that the
grand failure of the DN gel was prevented. While the toughening role of the 2nd network
has been widely reported in the literature [9,13-15], the results of Chapter 2 indicate
clearly that the (limited) toughness of the 1st network is also an important factor in
determining the overall toughness of the DN gel. It can now be appreciated that the DN
gel toughness is increased in linear proportion to the toughness of the first network.

A more detailed damage process for DN gels was obtained by analyzing the results
of load/unload tests. The test consisted of a series of stretch/retract cycles where the
historic maximum deformation (λmax) was sequentially increased. The Gent model [16]
for limited extensibility of elastomers and the Wang-Hong (W-H) model [17] developed
for DN gels were fitted to the test results to generate a qualitative description of the
fracture process of DN gel. The observed sequential softening and increased
extensibility of the DN gels with increasing extension were interpreted as the shortest 1st
network strands being fully-stretched and fractured during the loading process above
λmax. The strand density in the remaining gel network was reduced, and the contour
length of the shortest strands available for subsequent loading increased. Previously, the
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W-H model had only been applied to one DN gel. In Chapter 3, the W-H model was
shown to satisfactorily fit the data for various DN gels prepared in this study.

Furthermore, it was shown that the W-H model fit parameters provided a unique
quantitative insight into the network topology of the 1st network in DN gels. The W-H
model has applied a log-normal distribution to describe the strand length distribution of
the 1st network. In Chapter 3 it was demonstrated that the W-H model fit parameters
could be used to generate the strand length distribution of the 1st network. The result
appears to be the first successful attempt to estimate the molecular weight distribution
of a crosslinked polymer. The calculated strand length distributions show a higher
concentration of shorter polymer strands in the 1st network prepared with higher
crosslinker concentration.

The toughening mechanism identified for DN gels is also applicable for another
hydrogel system which is the ionically-crosslinked PAAm-alginate hybrid gel as
investigated in Chapters 4 and 5. The effects of covalent (MBAA) and ionic crosslinker
(CaCl2) concentration on the mechanical properties of the hybrid gel were studied.
Previous reports had only measured mechanical properties in the as-prepared condition,
but in this thesis the samples were swollen to equilibrium in water prior to evaluation.
In tensile tests, both the tensile strength and elongation at break increased with a
decrease in MBAA concentration. The MBAA concentration had only a slight effect on
the elastic modulus of the hybrid gel confirming that the ionic network formed the
tighter of the two networks. In tearing tests, the hybrid gels were toughened by
increasing the Ca2+ ion concentration and by decreasing the MBAA concentration. The
toughness of the hybrid gel resulted from the synergic effect between the alginate ionic
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network (tight) and the PAAm covalent network (loose). Increasing the ionic
crosslinker concentration increased the concentration of ionic bonds whose dissociation
energy was dissipated and therefore elevated the fracture energy of the hybrid gel.
Meanwhile, a decrease in the MBAA concentration created a more flexible and
compliant loose network which ensured a stronger capability to stabilize the damages in
the tight network, allowing more occurrence of ionic bond scissions in the tight network.
These observations are analogous to the DN gel systems. As has been reported
previously, the main advantage of hybrid gels as compared with DN gels was related to
the recoverability of the damage produced in the ionic network during loading. As
shown in Chapter 5, some permanent damage was induced during the 1st load/unload
cycle but subsequent cycles following a recovery period at zero load had stable
mechanical properties. As before, the recoverability was attributed to the ability of ionic
crosslinks to reform over time.

Another important finding reported in Chapter 4 was the rate-dependent toughness
and mechanical properties of hybrid gels. Rapid stress relaxation was observed after
loading of hybrid gels that was shown to be linked to the mobile nature of ionic
crosslinks. Increasing the test rate at which the sample gel was stretched, the measured
fracture energy increased. When the hybrid gel was deformed the fracture of ionic
bonds was found to be time-dependent. If the gel was stretched at a lower rate, there
was sufficient time for the scission of ionic bonds. The fewer the ionic bonds that
existed ahead of the crack tip, the lower was the toughness. Conversely, if a faster rate
was applied to elongate the gel, the time was deficient so that less ionic bonds were
pulled apart. As a result, the gel became stiffer and able to absorb more dissociation
energy of ionic bonds during the fracture progress. Remarkable relaxation of stress was
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observed when the hybrid gel was extended to a set strain and held. A double
exponential function was applied to describe the stress relaxation as a function of time.
The double exponential consisted of a fast and slow mode, and the fast mode
contributed more to the stress relaxation of the hybrid gel loaded to the set strain at a
faster rate.

Three series of load/unload tests were sequentially performed on the virgin hybrid
gel, and the damaged gel after two separate recovery processes. The aim of conducting
these tests was two-fold. The first objective was to study the mechanical recoverability
of the hybrid gel, and the second one was to have a clear analysis on the damage process
of the gel based on load/unload results. Firstly, the tested gel exhibited a partial
recovery of hysteresis and elastic modulus from the 1st to the 2nd series while the
load/unload curves became consistent between the 2nd and the 3rd series, representing
the fully-retrieved mechanical properties of the sample gel. This result suggests a
partially irreversible network re-construction that only occurred in the 1st series and
contributed to a large amount of energy dissipation. As soon as the re-construction was
complete, the mechanical properties of the sample gel were only dependent on the
concentration of ionic bonds that were fully-recoverable. The load/unload test results
were fitted by the Gent’s and W-H models. The obtained model parameters suggest a
clear damage process for the hybrid gel similar to that occurring in DN gels. Once the
hybrid gel was stretched above the historic maximum deformation, the shortest alginate
strands in the gel network were fully-extended, pulling apart the ionic crosslinks, which
was reflected by the gradual decrease of elastic modulus. Simultaneously, the contour
length of remaining network strands became longer as shown by the increase of Jm, the
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maximum extensibility parameter. The strand length distribution for the alginate
network in each of three series was calculated by using W-H model parameters.

In summary, the investigations in the present PhD study clearly demonstrate the
fracture process and toughening mechanism of DN and PAAm-alginate hybrid
hydrogels. In short, the origin of fracture toughness is mechanical energy dissipated by
covalent bond breakage, and ionic bond scission for DN and hybrid gel, respectively.
The loosely-crosslinked network, which is also the major component in both hydrogel
systems, provides stabilization to the considerable damages in the tightly-crosslinked
network and therefore prevents cracks from readily propagation. The research results
suggest that a material can be toughened by the combination of a brittle network which
serves as the “energy dissipater” and a flexible network which functions as the “fracture
stabilizer”. Increasing the energy dissipated by the scission of “sacrificial bond” [4,12]
across the crack path proves to be an effective strategy to toughen the material. In
practical terms, higher toughness can be achieved by increasing the crosslink density of
the tighter network.

6.2 Future Work
For DN system, recent studies have suggested that the 1st (tight) network is
heterogeneous and composed of micro-gels which are connected by elastically active
chains. A detailed damage mechanism of DN gel related to the micro-gels has been
given [12]. This issue needs to be better addressed for the PNVP-PAAc DN system in
the present PhD study. A series of load/unload cycles with sequentially increased λmax
should be carried out on the sample DN gel until the ultimate rupture. Analysis into the
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evolution of shear modulus and hysteresis at pre-yielding, necking, and strain-hardening
stage will be helpful to generate a more detailed damage process of the DN system used
here.

For PAAm-alginate hybrid gels, three series of load/unload tests have been
performed on the virgin gel and the same gel after recovery process. Irreversible
network re-construction has been proposed as the reason for the observed difference in
mechanical properties of the sample gel between the 1st and the 2nd series. One possible
mechanism for the re-construction is disentanglement of entrapped polymer chains.
Further experimental work is required to determine the extent of chain entanglement in
the hybrid gel network at the virgin state. It is helpful to compare the entanglement
degree before and after the 1st load/unload series. The type of alginate and ionic
crosslinker has been proved to be important factors for the toughness of PAAm-alginate
hybrid gels [18,19]. How they influence the rate-dependent toughness and stressrelaxation behaviours are still unknown. Further investigations addressing this issue
may provide new insights on the gelation mechanism, structural model, and potential
applications of the hybrid gel.

6.3 Applications of DN and hybrid hydrogels
Several recent reviews have provided insights into the potential applications of
novel tough hydrogels. Compared with conventional covalently-crosslinked hydrogels
whose applications are limited due to their poor mechanical performance, the tough
hydrogels including DN hydrogel and ionic-covalent hybrid gel may have competences
to be used in many new and exciting fields such as artificial muscle, actuators, soft
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machines, replacement of articular cartilage, mechanical sensors, and drug delivery [2022]. Future research may need to address how the mechanical properties of candidate
hydrogels can be tuned to generate a better match to the proposed applications, and how
the possible strategies can be adopted to design and create new tough hydrogels.
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